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PREFACE  TO  THE  FIRST  EDITION. 


The  following  pages  have  been  written  at  various  times  during 
such  brief  intervals  of  leisure  as  the  author  could  spare  from  his 
professional  duties.  They  are  for  the  most  part  the  result  of 
experience  combined  with  theory ;  it  is  therefore  hoped  that  they 
may  supply  the  student  with  what  has  long  been  a  want  in 
Engineering  literature,  namely,  a  Handbook  on  the  Theory  of 
Strains  and  the  Strength  of  MateriaUy  giving  practical  methods 
for  calculating  the  strains  which  occur  in  girders  and  similar 
structures.  The  theory  of  transverse  strain  has,  indeed,  been 
incidentally  treated  by  writers  on  Mechanical  Philosophy;  their 
researches,  however,  have  been  confined  to  strains  in  plain  girders, 
or  to  a  few  brief  remarks  on  the  more  elementary  forms  of  trussing, 
which,  without  further  development,  are  of  little  practical  use,  and 
but  too  frequently  afford  a  pretext  for  the  ill-concealed  contempt 
which  so-called  practical  men  sometimes  entertain  for  theoretic 
knowledge. 

A  thorough  acquaintance  with  the  theory  of  strains  and  the 
strength  and  other  properties  of  materials  forms  the  basis  of  all 
sound  engineering  practice,  and  when  this  is  wanting,  even  natural 
constructive  talent  of  a  high  order  is  frequently  at  fault,  and  the 
result  is  either  excess  and  consequent  waste  of  material,  or,  what 
is  still  more  disastrous,  weakness  in  parts  where  strength  is 
essential.  The  time  has  gone  by  when  practical  sagacity  formed 
the  sole  qualification  for  high  engineering  success.    Before  the 
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improvement  of  the  steam  engine  gave  rise  to  a  new  profession 
there  were  indeed  some  memorable  names  on  the  roll  of  engineers, 
generally  self-taught  mechanics,  whom  great  natural  ability  had 
raised  to  pre-eminence  in  their  profession ;  but  practice  which  was 
formerly  excusable,  or  even  worthy  of  the  highest  commendation, 
would,  now  that  knowledge  has  increased,  be  properly  described  as 
culpable  waste,  arising  either  from  prejudice  or  ignorance. 

The  usual  resource  of  the  merely  practical  man  is  precedent,  but 
the  true  way  of  benefiting  by  the  experience  of  others  is  not  by 
blindly  following  their  pra<5tice,  but  by  avoiding  their  errors  as 
well  as  extending  and  improving  what  time  and  experience  have 
proved  successful.  If  one  were  asked  what  is  the  difference  between 
an  engineer  and  a  mere  craftsman,  he  would  well  reply,  that  the 
one  merely  executes  mechanically  the  designs  of  others,  or  copies 
something  which  has  been  done  before  without  introducing  any  new 
application  of  scientific  principles,  while  the  other  moulds  matter 
into  new  forms  suited  for  the  special  object  to  be  attained;  and 
though  experience  and  practical  knowledge  are  essential  for  this,  he 
lets  his  experience  be  guided  and  aided  by  theoretic  knowledge,  so 
as  to  arrange  and  proportion  the  various  parts  to  the  exact  duty 
they  are  intended  to  fulfil. 

Then  prove  we  now  with  best  endeavonr 

What  from  our  efforts  yet  may  spring ; 
He  justly  is  despised  who  never 

Did  thought  to  aid  his  labours  bring. 
For  this  is  art's  true  indication, 

When  skill  is  minister  to  thought ; 
When  types  that  are  the  mind's  creation 

The  hand  to  perfect  form  has  wrought. 

The  well-educated  engineer  should  combine  the  qualifications  of 
the  practical  man  and  of  the  physicist,  and  the  more  he  blends  these 
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together,  making  each  mould  and  soften  what  the  other  would 
seem  to  dictate  if  allowed  to  act  alone,  the  more  will  his  works  be 
successful  and  attain  the  exact  object  for  which  they  are  designed. 
The  engineer  should  be  a  physicist,  who,  in  place  of  confining  his 
operations  to  the  laboratory  or  the  study,  exerts  his  energies  in  a 
wider  field  in  developing  the  industrial  resources  of  nature,  and 
compelling  mere  matter  to  become  subservient  to  the  wants  and 
comforts  and  civilization  of  the  human  race. 
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INTBODUCTOBY. 

1.  SiralB-r-TenslOB — ^C^Hipresslon — TransTeiwe  strain — 
earlBiPHitraiB — Torsion. — On  the  application  of  force  all 
«4ie8  change  either  form  or  volume,  or  both  together.  Forces 
considered  with  reference  to  the  internal  changes  thej  tend  to 
produce  in  any  solid  are  termed  strains  *  and  may  be  classified  as 
follows : — 


Tensile        strains,  j 

f     tearing  asunder. 

Compressive  do.,      r 

producing 

1     crushing. 

Transverse    do.,      ) 

fracture      ' 

(    breaking  across. 

Shearing       do.,      k 

by 

i    cutting  asunder. 

Torsional       do.,       1 

• 

[     twisting  asunder. 

This  five-fold  division  is  made  for  convenience  merely,  for  the 
strength  of  any  material,  in  whatever  manner  it  may  be  employed, 
depends  ultimately  on  its  capability  of  sustaining  strains  which  tend 
either  to  tear  its  parts  asunder  or  to  crush  them  together.  It  is 
therefore  of  essential  importance  to  know  the  ultimate  resistance 
to  tension  or  compression  which  each  material  possesses,  and  thence 
deduce  those  strains  which  may  be  safely  imposed  in  practice. 
To  this  end  various  experimenters  have  devoted  their  attention ; 

*  It  will  be  useful  for  the  etudent  to  know  th&t  some  wiiten  apply  the  term 
ttreat  to  what  I  have  tenned  itrain  in  the  tezt»  that  is,  to  the  combination  of  internal 
foroes  or  reactionB  which  the  particles  of  any  body  exert  in  resisting  the  tendency  of 
external  foroes  to  produce  alteration  of  form,  and  they  apply  the  term  strain  to  what  I 
call  d^formoHon,  that  is,  to  alteration  of  form  resulting  from  stress. 

B 
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in  the  United  Kingdom,  none  with  more  perseverance  or  success 
than  the  late  Eaton  Hodgkinson,  Esq.,  to  whose  life-long  labours 
we  are  mainly  indebted  for  the  physical  investigations  on  which 
calculations  of  the  strength  of  structures  are  based. 

9.  UnltHStrain— Inch-strain— FootHStrain. — Wherever  English 
measures  are  used,  tensile  and  compressive  forces  are  measured  by 
the  number  of  ton's  or  pounds  strain  on  the  square  inch  or  square 
foot.  It  will  be  convenient,  hoWever,  to  have  some  short  expression 
for  the  strain  on  the  unit  of  sectional  area,  irrespective  of  any 
particular  measure  of  length  or  wdght,  and  I  have  adopted 
the  term  Unitrstrain  to  denote  this  quantity,  and  the  words 
Inch'Strain  or  Foot-strain  to  express  the  strain  per  square  inch  or 
square  foot,  as  the  case  may  be.  The  unit-strains  of  tension  and 
compression  are  represented  indifferently  by  the  symbol  /,  unless 
it  be  desirable  to  distinguish  them,  in  which  case  the  unit-strain  of 
compression  is  represented  by  the  symbol  /'.  Thus,  if  F  be  the 
total  strain  in  any  bar  whose  area  z=  a,  we  have 

?=af.  (1) 

Ex.  1.  If  the  cruBhixig  anit-fltrain  of  cast-iron  be  42  tons  per  square  inch,  what 
weight  will  crush  a  short  solid  pillar  9  inches  in  diameter  ?  - 

Here,       a  =  ^  X  ^  X  **=  63-6  inches, 

4 

/s  42  tons. 
ilntKwr.  F  =  o/ =.$3-6  X  42  =  2,671  tons. 

'  Ex.  '2.  If  the  tearing  unit-strain  of  beech  be  11,500  pounds  per  square  inch,  what 
force  in  tons  will  tear  asunder  a  tie-beam  15  inches  square  ? 

Here,      a  :=:  15  X 15  =  225  square  inches, 
/=  11,600  lbs. 

Awwer.  F  =  225  X 11^^=  1,155  tons. 

2,240 

8*  Elasticity — ^Cablc  elasticity — ^I^lnear  elastMty. — Besides 
the  strains  of  tension  and  compression  another  matter  claims 
attention,  namely,  the  alteration  of  length  or,  in  other  words,  the 
elongation  and  shortening  of  the  material  subject  to  strain.  Elasticity 
is  the  property  which  all  bodies  under  the  influence  of  external 
force  possess  to  a  greater  or  less  degree  of  perfection  of  returning 
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to  their  original  Yoluime  or  form  after  the  force  has  been  with- 
drawn. Thus  we  have  Ctdne  elasticity  or  elasticity  of  volume, 
and  Linear  elasticity  or  elasticity  of  form.  Fluids  possess  elasticity 
of  volume,  but  not  of  form.  Solids  possess  both,  but  linear  elasticity 
alone  demands  our  attention  in  questions  relating  to  the  strength 
of  materials. 

4.  IBMrnmUe  stiinieM  and  Blastle  llezlliillty  are  correlative 
terms  which  express  the  strength  or  weakness  of  the  elastic  reaction 
of  the  fibres  of  any  elastic  solid,  whether  that  reaction  be  due  to 
tensile  or  compressive  strains  applied  separately,  or  in  combination 
so  as  to  produce  flexure  or  torsion.  Thus,  glass  is  elastically  stiff, 
indian-rubber  elastically  flexible.  In  general,  the  terms  Stiffness 
and  Flexibility  are  not  restricted  to  elastic  solids,  but  express  merely 
the  relative  amount  of  resistance  to  change  of  form,  whether  the 
material  returns  to  its  original  shape  or  not  after  the  force  is 
withdrawn.  In  this  sense  copper  is  stiffer  than  lead,  but  neither 
is  elastic,  or  but  very  slightly  so.  Elasticity  should  not,  as  in 
popular  language,  be  confounded  with  a  wide  range  of  elastic 
flexibility.  Glass,  for  instance,  is  both  stiff*  and  elastic,  whereas 
indian-rubber,  though  very  flexible,  is  less  perfectly  elastic  than 
glass,  that  is,  it  returns  with  less  exactness  to  its  original  form 
after  being  strained.  Again,  a  thin  spring  of  tempered  steel  is 
both  elastic  and  flexible.  In  popular  language,  however,  indian- 
rubber  is  said  to  be  more  elastic  than  glass  or  steel,  because  its 
range  of  elastic  flexibility  exceeds,  that  of  either. 

6.  DaetiUty — Ton^hattmm — ^BrittleBeMu — Ductility  is  the  re- 
verse of  elasticity  and  is  the  property  of  retaining  a  permanent 
change  of  form  after  the  force  which  produced  it  has  been  removed, 
and  the  wider  the  range  over  which  a  body  can  be  altered  in  shape 
the  more  ductile  it  is  said  to  be.  Gold,  for  instance,  is  one  of  the 
most  ductile  of  metals,  as  it  can  be  drawn  out  into  extremely  fine 
wire  or  hammered  into  leaves  of  extraordinary  thinness.  Toughness 
consists  in  the  union  of  tenacity  with  ductility.  Brittleness  is 
incapability  of  sustaining  rapid  changes  of  form  without  fracture, 
and  is  opposed  to  toughness.  Low-Moor  iron,  for  instance,  is 
tough ;  a  bar  of  it  can  be  twisted  into  a  knot  without  breaking ; 
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but  higlilj  tempered  steel  is  brittle ;  though  more  tenacious  than 
iron,  it  breaks  short  without  any  sensible  change  of  length ;  it  is 
not  ductile ;  it  wiU  not  stretch  under  strain.  Sealing-wax  also  is 
brittle ;  though  more  ductile  than  iron  under  prolonged  pressure,  it 
is  not  tenacious  and  will  not  bear  a  sudden  change  of  shape  with- 
out fracture.  Accurately  speaking  we  may  doubt  if  there  is  such 
a  thing  as  a  perfectly  elastic  solid,  for  Mr.  Hodgkinson's  investi- 
gations seem  to  prove  that  there  is  no  strain,  however  slight,  which 
will  not  after  its  removal  leave  a  permanent,  though  perhaps  to 
ordinary  tests  an  inappreciable,  alteration  of  length  in  any  of  the 
materials  on  which  he  experimented.  In  other  words,  every 
material  is  more  or  less  ductile.*  This  view,  however,  is  not  held 
by  some  authorities. 

e.  Bet — ^Inilaence  of  duratlOB  of  strate. — When  the  unit- 
strain  is  considerable  the  defect  of  elasticity  becomes  very  apparent 
in  some  materials,  especially  in  ductile  metals,  for  they  do  not 
return  to  their  original  length  when  released  from  strain,  but  are 
sensibly  elongated  or  shortened,  as  the  case  may  be,  by  a  certain 
amount  which  varies  according  to  the  nature  of  the  material  and 
the  force  applied.  This  residual  elongation  or  shortening  is  called 
the  Set^  and  is  not  sensibly  increased  by  subsequent  applications 
of  the  same  unit-strain  which  first  produced  it.  It  should  be 
observed,  however,  that  the  ultimate  set  is  not  instantaneously  pro- 
duced on  the  application  of  force.  Iron,  and  possibly  all  materials, 
take  time,  more  or  less  prolonged,  to  adapt  themselves  to  new  con- 
ditions of  strain.  Hence,  a  rapidly  applied  force  may  snap  a 
brittle  bar  without  producing  any  very  perceptible  change  in  its 
length. 

9.  Hooke's  law— liaw  of  elasticity— Undt  of  elasticity. — It 

is  evident  that  the  elastic  reaction  of  any  material  is  equal  to  the 
force  producing  extension  or  compression,  and  it  has  been  proved 
by  experiment  that  the  following  law  of  uniform  elastic  reaction, 
expressed  by  Hooke  in  the  phrase  ^^  ut  tensio  sic  vis,"  and  generally 

*  Bepori  of  ike  ComnUuionen  appointed  to  inqture  into  the  oppiioatUm  of  Iron  to 
BaUvsay  Stnteturee,  1849,  App.  A,  p.  1.  Also,  Expenmeatal  Retearehet  on  the  Str^gtk 
and  other  Propertiet  of  Oaii4ron,  by  E.  Hodgkinaon,  pp.  881, 409, 48d. 
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known  as  the  Law  of  elasticity y  thoagh  perhaps  not  accurately  true 
of  any  solid,  is  practically  true  of  the  materials  used  in  construction. 
When  any  material  is  strained  either  by  a  tensile  or  a  compressive 
forccy  the  elastic  reaction  of  the  fibres  {equal  to  the  applied  force)  is 
proportional  to  tlieir  increment' or  decrement  of  lengthy  provided  the 
alteration  of  length  does  not  exceed  a  certain  limit  beyond  which 
the  above  stated  law  ceases  to  apply,  and  the  change  of  length, 
no  longer  regular,  increases  for  each  additional  unit  of  strain 
more  rapidly  than  the  reaction  due  to  the  elasticity  of  the  fibres ; 
this  produces  set  and  ultimately  rupture.  Experience  has  proved 
that  the  safe  working  strain  of  any  material  does  not  exceed 
its  sensible  limit  of  uniform  elastic  reaction,  generally  called  the 
limit  of  elasticity;  indeed,  it  generally  lies  considerably  within  it. 
The  limit  of  elasticity  may  also  be  defined  to  be  the  greatest  strain 
that  does  not  produce  an  appreciable  set.  It  will  be  seen  hereafter 
that  with  some  materials,  such  as  glass,  there  is  no  limit  of  elasticity 
short  of  rupture,  as  they  are  elastic  up  to  the  breaking  point  and 
apparentiy  take  no  set  when  the  strain  is  removed. 

8.  Coefllclent  of  ekMtleity^  E — ^TaMe  of  eoefll<^eBt«. — ^The 
coefficient  of  elastic  reaction,  or  briefly,  the  Coefficient  of  elasticity* 
is  represented  by  the  symbol  E,  and  is  the  weight  (in  lbs.) 
requisite  to  elongate  or  shorten  a  bar  whose  transverse  section 
equals  a  superficial  unit  (one  square  inch)  by  an  amount  equal  to 
its  length,  on  the  ima^nary  hypothesis  that  the  law  of  elasticity 
holds  good  for  so  great  a  range.  In  assuming  that  the  coefficient 
of  elasticity  is  the  same  for  compression  and  extension  I  have 
followed  Navier,t  but  some  writers  on  the  strength  of  materials 
seem  to  overlook  the  fact  that,  if  the  law  of  elasticity  be  rigidly 
exact,  a  given  force  of  compression  will  shorten  any  material  by  the 
same  proportion  of  its  original  length  that  an  equal  tensile  force 
will  extend  it.  In  practice  the  coefficient  of  elastic  compression 
will  generally  be  found  to  differ  slightly  from  that  of  elastic 
tension. 

If  a  bar  whose  length  =  /  be  extended  or  compressed  within 

*  Called  also  the  Modultu  of  deuUcUp, 

t  BUwoni  da  Idfoni  donnSei  d  VllcoU  da  PonU  et  CfhauaiOj  p.  41. 
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the  limits  of  elasticity  by  a  strain  of  /  lbs.  per  square  inchy  the  incre- 
ment or  decrement  of  length  X  is  expressed  by  the  following  relation. 


whence, 


(2) 


Ex.  How  much  will  aa  inch-strain  of  5  tons  stretch  a  bar  of  wronght-iron  whose 
length  equals  10  feet  t 

Here  (see  table  following),    E  ^  24,000,000  lbs., 

/=   5  tons, 
I  s  10  feet 

An^.  X»/f=,gX^^^QX^<»<^^  =  H)56 inches. 
E  24^000,000. 

It  is  obvious  that  the  coefficient  of  elasticity  should  be  deduced 
from  experiments  in  which  the  applied  unit-strain  lies  within  the 
limit  of  elastic  reaction.  It  should  also  be  noted  whether  the 
material  has  been  previously  stretched  by  excessive  strain ;  other- 
wise the  results  will  be  anomalous.  The  following  table  contains 
the  coefficients  of  elasticity  of  various  materials^  derived  chiefly 
from  experiments  on  transverse  strain : — 


Coefficiant  of 

Desertptton  of  MsteriaL 

ElMtidtx  In  Ibi. 
per  iqiiare  inch. 

Anthority. 

Mralb. 

Brass  (cast),       ..... 
Gold  (drawn),    ..... 

8,980,000 
11,564,000 

Tredflold. 

Do.  (annealed),  ..... 

7,948,000 

do. 

Gun  metal  (copper  8,  tin  1),      . 

9,878,000 

Tredgold. 
do. 

Iron  (oast,  from  transverse  strain). 

18,400,000 

Do.  (do.,  from  direct  tension  or  compression),  . 

12,000,000 

Hodgldnson. 

Do.  (wrought),    ..... 

24,000,000 

do. 

Lead  (cast). 

*                      •                      •                       a 

720,000 

Tredgold. 
WerUieim. 

Platina  thread,  . 

»                      •                      «                       « 

24,240,000 

Do.  (annealed),  . 

■                      ■                      •                       ■ 

22,070,000 

do. 

Silver  (drawn),  . 

10,465,000 

do. 

Do.  (annealed),  . 

10,155,000 

do. 

Steel,      . 

*                      •                       a 

29,000,000 

Young. 

Do., 

>                         •                         a                         • 

81,000,000 

Fairbaim. 

Tin  (cast). 

■                         •                        «                         • 

4,608,000 

Tredgold. 

Zinc  (cast). 

*                         •                         • 

18,680,000 

TncBBS. 

Acacia  (EngUsh  growth). 

1,152,000 

Barlow. 

Ash, 

1,644,800 

do. 

Beech,     ...... 

1,853,600 

do. 
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Coeffletont  of 

• 

DMeriptUm  of  lUteriaL 

EUtfdcity  in  Iba 

Authority. 

Tnuofr— conftiMieci. 

Birch  (American  black), 

1,477,000 

Barlow. 

Do.  (oommon),   • 

1,644,800 

do. 

Box  (Australia), 

2,155,200 

Trickett 

D«al  (Chiistiaaa), 

1,589,600 

Barlow. 

Da  (Memel),     . 

1,608,600 

do. 

* 

699,840 

do. 

Fir  (Mar  Forest), 

645,860 

do. 

Do.  (do.,  another  specimen). 
Do.  (New  England), 

869,600 

do. 

2,191^200 

do. 

Do.  (Biga), 

1,828,800 

da 

Do.  (do.,  another  specimen), 

990,400 

do. 

Da  (Memel,  across  the  grain),  , 

42,500 

Beran. 

Do.  (Scotch,  da). 

24,600 

do. 

Greenheart, 

2)656,400 

Barlow. 

Iron  bark  (Australia),    . 

1,669,600 

Trickett 

Larch,     • 

616,820 

Barlow. 

Do.  (another  specimen), 

1,052,800 

do. 

Mahogany  (Honduras), 

1,596,000 

Tredgold. 

Norway  spar,     • 

. 

.       1,457,600 

Bariow. 

Oak  (Adriatic),  . 

974,400 

do. 

Do.  (African),    . 

2,805,400 

do. 

2,148,800 

do. 

Do.  (Dantsic,)    . 

1,191,200 

do. 

Do.  (English),    . 

1,451,200 

do. 

Do.  (do.  inferior), 

^ 

873,600 

do. 

Pine  (Pitch),      . 

1,225,600    . 

do. 

Da  (Bed), 
Do.  (do.). 

1,840,000 

do. 

1,200,000 

Clark. 

Do.  (American  yellow), 

1,600,000 

Tredgold. 

Poon,      .... 

1,689,600 

Barlow. 

Spotted  gun  (Anstralift), 

1,942,000 

Trickett. 

Stringy  bark  (da), 

1,875,600 

da 

Teak,      .... 

2,414^400 

Barlow.  - 

SVOVBS. 

Marble  (White), 

2,520,000 

Tredgold. 

4,598,000 

Mallet 

545,000 

do. 

Slate  (Welsh), 

15,800,000 

Tredffold. 

Do.  (Westmoreland), 

12,900,000 

Do.  (Scotch),      ..... 

15,790,000 

do! 

1,588,000 

do. 

MxaoiLLANiona. 

Whalebone,        ..... 

820,000 

Tredgold. 

Bone  of  Beef,      ..... 

2,820,000 

Beran. 

Barlow,  Barlow  on  the  Slirtngth  of  Materialt. 
Bevan,  PhiloKphieal  Magtame,  1826,  VoL  Irriii.,  pp.  Ill,  181. 
Claik,  The  BrUatmia  amd  Oomoay  Tubular  Bridffei,  p.  468. 
FairiMim,  JSeport  of  BrUUh  AmodaHoH,  1867. 

HodgUnson,  Report  of  CfomrnUtionen  appointed  to  inqmrt  into  the  applieation  of 
Iron  to  Railwaf  ftniefurvt,  1849,  pp.  108, 172. 
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Mallet,  PkUoHgAiaU  TmntaeUoiu,  ISfli!,  p.  671. 
Tredgold,  Tmtgoid  on  Ou  Strength  of  Oatinm, 
Toung,  idtnt. 
Wertbeini,  SittOatia  da  Mattnaia,  par  M.  Motw,  p.  4fl. 

».  Mccbaoleal  Uw»— BcMlotlon  of  force*. — The  invesUgn- 
tion  of  transverse  str^ns  may  be  reduced  to  the  three  following 
fundameDtal  laws  in  mechanics : — 

If  three  foreei  acting  at  the  tame  point  balance  {are  in  equilibrium), 
three  lines  parallel  to  their  directiona  will  form  a  triangle  the  aides  of 
which  are  proportional  to  the  forces.  Also,  If  two  out  of  three  forces 
which  balance  meet,  the  third  pastes  through  thmr  point  of  inter- 
section. 

Hence,  it  follows  that,  if  we  know  the  magnitade  and  direction  of 

two  intersecting  forces,  we  can  find  both  the  magnitude  and  direction 

Pig.  1.  of  their  resultant ;  and  if  the  directions 

of   any  two  components  into  which  a 

single  known  force  is  resolved  be  ^ven, 

the  amount  of  these  components  can  be 

found.    Thus,  the  weight  W,  Fig.  1, 

is   supported  by  an  oblique  tie  and  a 

horizontal  strut.     The  weight  and  the 

strains  in  the  tie  and  strut  meet  at  A, 

and  may  be  represented  by  the  triangle 

kts.    Let  the  sides  of  the  triangle  he  as  the  numbers  3,  4  and  5  ; 

then,  if  W=3  tons,  t  will  sustain  a  tension  of  5  tons,  and  s  a 

thrust  or  compression  of  4  tons.     Calling  the  angle  the  tie  makes 

with  the  vertical  hue  0,  the  relation  between  these  three  forces 

may  be  algebraically  expressed  as  follows : — 

t  =  Wseee  e  =  Wtane 

lO.  The  LeTer. — If  a  weight  rest  upon  a  beam  supported  by 
two  props  at  its  extremities,  these  props  reaet  with  ttoo  upward 
pressures  whose  sum  is  equal  to  the  weight,  and  by  the  principle  of 
the  lever  the  portion  of  the  weight  sustained  by  either  prop  ie  to  the 
whole  we^ht  as  the  retnote  segment  it  to  the  whole  beam. 

Thus,  in  Fig.  2,  if  W=  10  tons  and  the  segments  are  as  3 ;  2,  the 
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reaction  of  the  left  abut- 
ment, R  =  4  tons  ;  that 
of  the  right,  R'=  6  tons. 
Calling  the  segments  m 
and  n,  these  relations  may 
be  algebraically  expressed 
as  follows : — 

R  +  R'  =  W,  R  =  -^-W,         R'  =     "     W. 

m+n  m+n 

It  is  obvious  that  this  principle  is  not  affected  by  any  bracing  of 
the  beam  within  itself,  provided  it  merely  rests  on  the  points  of 
support 

li.  Bqaalltr  ottnomtcntm. —  When  any  nun^er  offerees  acting 
in  the  tame  plane  on  a  rigid  body  balance  (are  in  equilibrium),  the  sum 
of  the  moments  of  the  forces  tending  to  turn  it  in  one  direction  round 
any  given  point  is  equal  to  the  sum  of  the  moments  of  those  tending  to 
turn  it  in  the  oppotite  direction.  Also,  when  any  number  of  forces 
acting  in  the  tame  plane  have  a  tingle  resultant,  the  turn  of  the 
moments  of  each  force  round  a  given  point  is  equal  to  the  moment 
of  their  retultant* 

Thus,  in  Fig.  2,  taking  moments  round  the  right  abutment, 
RXm  +  n  =  Wn;  the  amount  of  R'  vanishes,  since  R'  passes 
throagh  the  point  round  which  the  moments  are  taken. 

On  these  three  mechanical  laws — the  Resolution  of  Forces,  the 
law  of  the  Lever  and  the  Equality  of  Moments — are  founded  all  the 
following  investigations  of  the  strength  of  materials  when  subject 
to  transverse  strun. 

11.  Bean — Cilrder — ScaU-vlrder. — The  term  Beam  is 
generally  applied  to  any  piece  of  material  of  considerable  scantling, 
whether  subject  to  transverse  strain  or  not;  as  for  example, 
"  Collar-beam,"  "  Tie-beam,"  "  Bressummer-beam ;"  the  two  former 
being  subject  to  longitudinal  strains  of  compression  and  tension 
respectively,  and  the  latter  to  transverse  strain.  The  term  Girder 
is,  however,  restricted  to  beams  subject  to  transverse  strain  and 

*  Tho  mcanent  ol  *  iaroe  round  ■  given  point  ii  the  product  lA  the  fbroe  by  the 
peipeiidicul>r  let  fall  on  ita  direotion  from  the  point. 
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exerting  a  vertical  pressure  merely  on  their  points  of  support. 
This  term  was  originally  applied  to  the  main  beams  of  floors,  but 
has  now  become  universally  adopted  by  engineers.  A  Semi-girder 
is  a  cantilever,  that  is,  a  beam  fixed  at  one  extremity  only  and 
subject  to  transverse  strain;  in  addition  to  its  vertical  pressure 
it  exerts  a  tendency  to  overthrow  the  wall  or  other  structure  to 
which  it  is  attached. 

18.  Flanireil  girder — (Siiiirle-welklied  vlrder — ^DoaMe- 
welkbed  or  Tubular  girder — Box  girder — Tabolar  bridge. — 
In  the  term  Flanged  girder  are  included  not  only  iron  girders 
of  the  ordinary  I  form,  but  also  all  girders  which  consist  of  one  or 
two  flanges  united  to  a  vertical  web,  whether  the  latter  be  con- 
tinuous as  in  plate  girders,  or  open-work  as  in  lattice  and  bowstring 
girders.  Flanged  girders  are  again  subdivided  into  Single-webbed 
and  Double-webbed  or  Tubular.  A  single-webbed  girder  is  one 
whose  flanges  are  connected  by  a  single  vertical  web.  Thus,  we 
have  "Single-webbed  cast-iron  girders,"  " Single- webbed  plate 
girders,"  "  Single-webbed  lattice  girders,"  "  Single-webbed  bow- 
string girders,"  &o.  A  Double-webbed  or  Tubidar  girder  is  one 
whose  flanges  are  connected  by  a  double  vertical  web,  continuous 
or  open-work  as  the  case  may  be.  Small  tubular  girders  formed 
of  continuous  plates  are  sometimes  called  Boa  girders.  A  Tubular 
bridge  is  merely  a  tubular  girder  of  such  large  dimensions  that  the 
roadway  passes  through  the  tube. 

In  the  following  theoretic  investigations  all  girders  are  assumed 
to  be  horizontal  and  without  weight,  unless  otherwise  stated. 


i 
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CHAPTER    II. 

FLANGED   GIBDEBS   WITH  BRACED  OB  THIN  CONTINUOUS  WEBS. 

14.  TnuMTcrscHitraln — ShearliigHNraiii.  —  The  formukd 
investigated  in  this  chapter  are,  unless  otherwise  expressed, 
applicable  to  all  flanged  girders  whose  webs  are  formed  of  bracing, 
or  if  continuous,  yet  so  thin  that  the  transverse  strength  of  the  web 
as  an  independent  rectangular  girder  may  be  neglected  without 
sensible  error.  Our  knowledge  of  the  strains  in  this  vertical  web 
when  continuous  is  still  imperfect.  Analogy  indeed  leads  us  to 
conclude  that  they  follow  laws  similar  to  those  which  hold  good  in 
braced  girders,  but  in  the  absence  of  experimental  proof  this  is  to 
a  certain  degree  conjecture — a  conjecture,  however,  which  I  feel 
confident  my  readers  will  share  after  they  have  had  the  patience  to 
read  through  this  book. 

The  mode  in  which  a  load  affects  a  girder  may  be  thus  analysed. 
From  experience  we  learn  that  the  load  bends  the  girder  downwards 
and  develops  longitudinal  strains  of  tension  and  compression  in  the 
flanges.  If  the  semi-girder,  represented  in  Fig.  3,  be  supposed 
divided  into  vertical  slices  or  transverse  sections  of  small  thickness, 
the  weight  tends  to  shear  or  separate  the  section  on  which  it  imme- 
diately rests  from  the  adjoining  one.  The  lateral  connexion  of  the 
sections,  however,  prevents  this  separation,  and  the  second  section 
is  drawn  down  by  a  vertical  force  equal  to  the  weight  which  tends 
to  shear  it  from  the  third  section  and  so  on.  Thus,  a  vertical  force 
equal  to  the  weight  is  tranemitted  from  section  to  section  as  far  as  the 
point  of  support.  This  vertical  strain  has  been  aptly  named  the 
Shearing-strain ;  but  few  writers,  until  the  last  few  years,  have 
noticed  the  practical  results  which  follow  from  the  fact  that  this 
force  can  be  communicated  from  section  to  section  only  through  the 
medium  of  some  diagonal  strain.  Respecting  the  exact  directions  of  * 
the  strains  which  this  shearing  force  develops  in  a  continuous  web 
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we  know  nothing  positively ;  it  is  probable  that  they  assume  various 
directions  crossing  each  other  like  close  lattice-work,  some  vertical, 
some  diagonal,  perhaps  some  curved.  However  this  may  be,  we 
know  that  certain  of  them  must  be  diagonal,  since  the  weight, 
which  is  a  vertical  force,  produces  strains  in  the  flanges,  which  are 
longitudinal,  through  the  medium  of  the  web,  which  in  fact  fulfils 
the  part  of  bracing  in  a  lattice  girder.  The  reader  will  perceive 
that  we  have  really  three  sets  of  forces  to  deal  with,  namely, 
horizontal,  vertical,  and  diagonal  forces.  The  latter,  however,  may 
be  resolved  into  horizontal  and  vertical  components,  and  thus  we 
have  at  present  only  horizontal  and  shearing  forces  to  consider, 
recollecting  that  the  slvearing-strain  of  any  tratuverse  section  of  a 
girder  means  the  total  vertical  strain  transmitted  through  that  section^ 
including  in  the  tei^m  shearing  strain  the  vertical  components  of 

diagonal  strains, 

15.  Horiaontal  strains  iii  toaced  or  thin  continaoos 
webs  may  he  neyleeted. — ^When  the  vertical  web  of  a  girder 
with  horizontal  flanges  is  open-work  like  latticing,  the  shearing- 
strain  is  altogether  transmitted  through  the  bracing,  the  flanges 
being  capable  of  conveying  strains  in  the  direction  of  their  length 
only;  but  when  the  web  is  continuous,  as  in  a  plate-girder,  there  can 
be  no  doubt  that  a  certain  amount  of  shearing-force  acts  upon  the 
flanges  also,  so  inconsiderable,  however,  that  we  may  practically 
neglect  it.  If,  however,  one  or  both  flanges  are  curved,  the  whole  or 
a  considerable  portion  of  the  shearing-strain  is  conveyed  through 
that  part  of  the  flange  which  is  sloped,  the  amount  depending  upon 
its  angle  of  inclination.  In  this  case  the  web  has  less  duly  to 
perform  than  if  the  flanges  were  horizontal,  and  its  sectional  area 
may  therefore  be  reduced.  It  will  also  be  observed  that  the 
diagonal  strains  developed  by  the  shearing  force  in  a  continuous 
web  have  horizontal  components  within  the  web  itself,  and  con- 
sequently, a  continuous  web  aids  the  flanges  to  a  certain  extent, 
for  those  parts  of  the  web  which  adjoin  the  flanges  share  the 
horizontal  strains  in  the  latter,  and  this  flange  action  of  the  web  is 
'greater  the  thicker  the  web  is.  When,  however,  the  web  is  very 
thin,  the  total  amount  of  this  flange  action  of  the  web  is  small 
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compared  with'  the  Btrain  in  the  flanges  tiienuelres  and  mxy 
therefore  be  neglected  withoat  introdacing  any  serioos  error.  In 
this  chapter  all  horizontal  strains  in  the  web  are  neglected. 


-FLAKOSD   SEHI-OIBDEB   LOADED    AT   THE   EXTBBHITT. 
Vig.i. 


10.  naBs«« — At  atty  er«M  ■cetlOM  the  bortaontal  eompo- 
■eats  9t  strala  !■  the  flaasc*  are  cqwd  a*d  of  opposite 
klBda— «HraiBth  of  ILtMve«  clHters  variea  dlreeUy  as  tke 
<ep«h  mma  iBverMlr  m  tke  leavtfe. 

Let  W  =:  the  weight, 

I  =  the  distance  of  any  croes  section  AB  from  W, 
d  =:  the  depth  of  the  girder  at  th!^  cross  section, 
T  =  the  horizontal  strain  of  tension  in  the  top  flange 

at  A, 

C  =:  the   horizontal   strain   of    compression   in    the 

bottom  flange  at  B.* 

The  B^pnentABWis  held  in  eqoilibriam  by'the  wei^t  W, 

the  horizontal  forces  of  tension  and  compression  in  the  flanges  at 

A  and  B,  and  the  shearing  and  horizontal  strains  in  the  web  at 

A  B.    Since  these  forces  balance,  the  sum  of  the  moments  of  those 

vhich  tend  to  turn  A  B  W  round  any  point  in  one  direction  is 

equal  to  the  smn  of  those  which  tend  to  turn  it  round  the  same 

point  in  the  oppoute  direction  (II).     If  the  point  lie  in  the  cross 

section  A  B,  the  moment  of  the  shearing  force  will  be  cipher, 

since  its   direction  passes   through  this  point.     Neglecting  the 

*  When  the  flacgw  tn  oblique,  T  Kod  ^  reprasent  the  hoilionta]  oompotieiita  of 
Uuir  lavitiidlii*!  atnini.    The  vertical  oomponcnt*  are  ■  portico  of  the  dwHing. 
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horizontal  fitrain  in  the  web  when  continuotis,  and  taking  moments 
round  A  and  B  successively,  we  obtain  the  following  relations : — 

V/l  =  Td  =  Cd  (3) 

whence, 

T=C  (4) 

that  is,  at  any  cross  section  the  horizontal  component  of  tension  in 
one  flange  is  equal  to  the  horizontal  component  of  compression  in 
the  other. 

If  F  represent  the  horizontal  strain  in  either  flange  indifferently, 
we  have  from  eq.  3    . 

W=^  (5) 


F  = 


d  (6) 

Eq.  5  proves  that  the  weight  which  a  flanged  girder  is  capable  of 
supporting  varies  directly  as  the  depth  and  inversely  as  the  length. 
When  both  flanges  are  horizontal,  we  have  from  eq,  4 

«/=«'/'  (6.) 

where  a  and /represent  the  sectional  area  and  unit-strain  of  the 

upper  flange,  and  a'  and  /'  those  of  the  lower  flange.    Hence,  when 

both  flanges  are  horizontal,  the  unit-strains  in  Hie  flanges  are  to 

each  other  inversely  as  the  areas. 

Ex.  1.  A  semi-girder,  9  inches  deep,  supports  7  tons  at  its  extremity ;  what  is  the 
strain  in  each  flange  at  12  feet  from  the  load  t 

Here,  W=  7  tons, 
I  =  12  feet, 
d  s  9  inches. 

ilnwer  (Eq.  6).:         F  =  ^  =  ^Ai^Al?  ==  112  tons. 

If  i  tons  per  square  inch  be  a  safe  working  strain  in  the  flanges,  the  sectional  area 

112 
of  each  flange  should  =  >--  =:  28  square  inches. 

4 

Ex.  2.  If  the  flange  be  15  inches  wide  and  1^  inches  deep,  what  will  be  the 
inch-strain  t 

Here,  a  =  22'5  square  inches, 

F  =  112  tons. 

F      112 
Antwer,    f  =  — = ___  =  5  tons  inch-strain  nearly. 

a     22.5 
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Ex.  8.  A  wroo^t-iion  aemi-girder  is  7  feet  long  and  11  inches  deep,  and  each 
flange  is  4  inches  wide  and  4  f^  uich  thick ;  what  weight  at  the  end  will  break  it 
acroo,  the  tearing  inch-stnttn  of  wronght-iron  being  20  tons  t 

Here,  F  =  ^f=iX  '6  X  20  =  40  tons, 
,  d  =  11  inches, 

2»    7feet 

Antwer  (Eq.  5).    W  =  f^  =  T^T5  "^  ^'^^^^ 

IV*  Cilrder  of  greatest  strenffth — ^Areas  of  horiaontal 
flanges  should  be  to  each  other  iii  the  iiiTeme  ratio  of  their 
altlmate  unit-strains. — The  distribution  of  a  given  amount  of 
material  in  the  flanges,  so  as  to  produce  the  girder  of  greatest 
strength,  occurs  when  both  flanges  are  simultaneously  on  the 
point  of  rupture,  for  if  either  flange  contain  more  material  than 
is  required'  to  sustain  its  proper  strain  when  the  other  gives  way, 
it  can  spare  some  of  the  surplus  material  to  strengthen  the  other. 
When  both  flanges  are  on  the  point  of  rupture,  /  and  /'  are 
the  ultimate  unit-strains  of  tension  and  compression^  and  since 

a       f 

-7=A-,  it  follows  that,  to  ensure  the  greatest  strength  with  a 

^ ve/amonnt  of  n.aterial  in  a  girder  with  horizontal  flanges.  iJu 
sectional  areas  of  the  flanges  should  be  to  each  oilier  inversely  as 
their  ultimate  unit-strains — ^a  result  amply  confirmed  by  experience. 
18*  Shearlnff^traln— The  weh  shonld  contain  no  more 
nuiterlai  than  Is  requisite  to  cootcj  the  shearlnf^train — 
The  qnantltj  of  material  In  the  weh  of  irirders  with 
parallel  flanipes  Is  theoretlcall  j  Independent  of  their  depth.— 

TTie  shearing-strain  is  Hie  same  at  each  vertical  section  of  the  semi- 
girder  and  equals  W  (14).  If  the  flanges  are  parallel  this  strain  is 
transmitted  from  section  to  section  of  the  web  (15),  which  should 
therefore  have  the  same  sectional  area  throughout  and  be  suffi- 
ciently strong  to  transmit  the  shearing-strain  to  the  wall  or  point 
of  support  The  web  slioidd  also  for  economical  reasons  contain  no 
more  material  tlian  is  requisite  to  transmit  the  shearing-strainy  for 
any  surplus  material,  if  placed  in  the  flanges,  would  increase  the 
strength  of  the  girder  more  than  if  it  were  to  remain  in  the  web, 
since  its  leverage  to  sustain  horizontal  strains  would  be  thereby 
increased.    This  will  appear  clearer  when  the  reader  has  perused 
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the  succeeding  chapters.  From  these  considerations  h  follows  that 
the  quantih/  of  material  required  in  the  web  of  a  girder  toith  parallel 
flanges  it  theoretically  independent  of  the  depth. 

19.  Clrder  of  oirilbrM  strensik — EeoiuHKlcal  dUtrthothm 

of  BuiterlAl A  ^rder  of  nniform  strength  is  one  in  which  all 

parts,  both  flanges  and  web,  are  duly  proportioned  to  the  atnun 
which  they  have  to  bear,  t. «.,  are  eqnally  capable  of  sustaining 
the  particular  strain  which  is  transmitted  through  them.  If  such 
a  girder  were  perfect,  there  is  no  reason  why  any  one  part  should 
ful  before  another,  since  the  atr^  in  each  part  is  the  same 
sub-multiple  of  the  ultimate  or  breaking-strain  of  that  part.  The 
girder  of  uniform  strength  is  obvioosly  the  most  economical  also  in 
its  proportions,  for  no  part  has  a  wasteful  excess  of  material ;  the 
tensile  or  compressive  unit-strain  is  constant  throughout  the  entire  length 
ofeachjlange  retpectivelt/,  and  the  skearing-^nit-strain  tn  each  section 
of  the  web  is  the  same  as  in  every  other  section. 

•O.  Flaairc-area  of  wHH;lrdn>  of  ultorm  •trcnrtli  whea 
tke  depth  I*  coutABt. — From  eq.  6  we  hare  when  both  flanges 
are  horizontal, 

/=^  « 

where  /  and  a  express  the  unit-strain  and  sectional  area  of  either 
flange  indifierently  at  a  distance  I  from  the  extremity. 

In  a  ^rder  of  nniform  strength  /  is  constant  for  all  values  of  I, 

Fig.  «.— PkiL 

proportional  (since  by  hypothesis  the 
depth  d  is  uniform),  will  be  constant 
for  every  value  of  li  consequentiy  a, 
that  is,  the  area  of  each  flange,  will 
vary  as  I,  and  if  the  depth  of  the 
flange  be  uniform,  its  breadth  will 
vary  as  /,  and  the  plan  of  the  flange 
will  be  triangular,  as  in  Fig.  4. 
•1.  Depth  or  scad-i^rder  of  BMlfbna  strcagih  whca  the 
■aase-area  !■  coMtant. — If,  however,  one  flange  be  sloped,  / 
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Big.  S^ElOTmtioii.  *°'^  a  in  eq.  7  apply  to  the  horizontal 

flanfre  only;   hence,  if   its   sectional 

area  and  nnit^strain  rem^n  uniform, 

d  will  vary  directly  as  I,  and  the  side 

elevation  of  the  girder  will  be  trian- 

gaW  as  in  Fig.  5.     The  strain  in  the 

oblique  flange  exceeds    that  in  the 

horizontal  flange  in  the  ratio  of  their 

lengths  (9).     This  is  due  to  the  shearing-strain,  which  is  entirely 

transmitted  through  the  oblique  flange  in  addition  to  a  horizontal 

strdn  of  the  same  amount  as  that  in  the  horizontal  flange,  and  the 

longitudinal  strun  in  the  oblique  flange  is  their  resultant.    In  this 

case  the  web  has  no  duty  to  perform  and  may  therefore  be  omitted, 

the  girder  becoming  the  simplest  form  of  truss,  viz.,  a  triangle. 

CASE  II. — FLANGED  SEHI-QIRDEB  LOADED  UinFOBHLY. 
TTg.  8. 


—Let  ur  :=  the  load  per  unit  of  length, 

I  =  the  distance  of  any  cross  section  AB 

from  the  end  of  the  girder, 
d  =  the  depth  of  the  girder  at  this  cross 
section, 
W  =  w/  =:  the  load  on  AC, 
F  ^  the  total  horizontal  strain  exerted  by 
either  flange  at  A  or  B,  that  is,  the 
horizontal  component  of  the  longitu- 
dinal strain  if  the  flange  is  oblique. 
The  forces  which  keep  ABC  in  equilibrium  are  the  weights 
onifonnly  distributed  along  A  C,  the  horizontal  strains  of  tension 
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and  compression  in  the  flanges  at  A  and  B,  and  the  shearing  and 
horizontal  strains  in  the  web  at  the  plane  of  section  A  B.  If  the 
web  be  continuous  and  very  thin,  we  may,  as  in  the  previous  case, 
neglect  the  moments  of  the  horizontal  strains  in  the  web  as  insig- 
nificant compared  with  those  of  the  other  horizontal  forces.  The 
sum  of  the  moments  round  A  or  B  of  each  weight  in  the  length  I 
is  equal  to  the  sum  of  the  weights  multiplied  by  the  distance  of  their 
centre  of  gravity  from  Aor  B  (11),  that  is,  their  collective  moments 

=  wl  -•    Equating  this  to  the  amount  of  the  horizontal  strain  in 

either  flange  round  A  or  B,  we  obtain  the  following  relations : — 

P 
w-QzzFd  (8) 

W=w?Z=^  (9) 

2d      2d  ^    ^ 

Ex.  1.  A  cMt-iron  semi-girder,  8  feet  long  and  13  inches  deep,  supports  a  nniform 
load  of  1  ton  per  rmming  foot ;  wliat  area  should  the  top  flange  have  at  the  abutment 
in  order  that  its  inch-strain  may  not  exceed  1  *5  tons  I 

Here,    to  =  1  ton  per  foot, 
2  =  8  feet, 
d  s  18  inches, 
/=  1*5  tons. 

From  eq.  10,  F=^=  I  X  S  X  S  X  U  ^3^.5 ^^^ 
^  2d  2  X  13 

Armoer  (eq.  1).  a  =-^=-??^=  197  inches. 

/         1-6 

Ex.  2.  The  lattice-bridge  at  the  Boyne  Viaduct  is  in  three  spans.  Each  side  span  is 
140  feet  11  inches  long  and  22  feet  3  inches  deep.  The  permanent  load  supported  by 
one  main  girder  of  a  side  span  equals  0*68  tons  per  running  foot,  and  the  gross  sectional 
ajrea  of  its  lower  ilange  over  each  pier  is  127  inches.  On  one  occasion  an  extraordinary 
load  in  the  centre  span  depressed  it  to  such  an  extent  as  to  raise  the  ends  of  the  side 
spans  off  the  abutments,  thus  forming  each  side  span  into  a  semi-girder.  What  was 
the  oompressiye  inch-strain  in  the  lower  flange  at  thef  piers  t 

Here,    w  =  0*68  tons  per  foot» 
I  =  140-92  feet, 
d  =    22*25  feet, 
a  =  127  inches. 

Answer  (eq.  10).  /=i=-^=  -68  X  140<2  X  140-92  ^       ^^  i„ch4*»in. 
^^         '       a      lai  2  X  127  X  22-26 


CHAP.   II.]        BRACED   OB  THIN  COimNnOUS  WEBS.  19 

n.  'Wth — 8heaTiBr«ti«li>* — When  a  semi-^rder  is  uniformly 
loaded  the  sheuing-strain  at  any  cross  section  is  equal  to  the  snm 
of  the  weights  between  it  and  the  extremity  of  the  girder,  since 
this  is  the  presettre  transnutted  through  that  section  to  the  wsll  (14). 
7%e  ahearinff-ttrain  there/ore  equaU  wl,  and  varut  directly  in  propor- 
tion to  the  distance  from  the  extremity  of  the  girder,  thctt  it,  directltf 
at  the  orditiatet  of  a  triangle.  When  the  flanges  are  parallel,  nearly 
all  the  shearing-strain  passes  through  the  web,  and  its  sectional  area 
should  for  economical  reasons  .vary  in  this  ratio  also,  for  any  excess 
of  materia]  in  the  web  beyond  that  required  to  transmit  the 
shearing-strain  is  valuable  only  for  horizontal  strains,  and  would 
act  with  greater  leverage,  and  therefore  with  greater  effect,  if 
placed  la  the  flanges. 

%*,  Fbwsc-arca  of  MMl-flrdcr  of  nalAHrm  trtrrnvth  whca 
tte  depth  is  MMMtaat. — ^From  eq.  10  we  have,  when  both  flanges 
are  horisontal 

/=_!£^=Wi  (11) 

■'        Tind       '/ad  ^    ' 

where  a  and  /  represent  the  area  and  unit-stmin  of  either  flange 

indifferently  at  a  distance  I  from  the  extremity.     If  the  girder  be 

of  nnif onu  strength,  the  unit-str^n  in  each  flange  will  be  uniform 


Fig.  7.— Flan.  tional,  will  be  constant,  that  is,  the 

sectional  area  of  each  flange  will 
vary  as  1},  Hence,  if  the  depth  of 
the  flange  be  uniform,  its  breadth 
will  vary  as  P,  and  the  plan  of 
the  flange  will,  if  symmetrical,  be 
bounded  by  two  parabolas  whose 
common  vertex  is  at  A,  Fig.  7, 
with  the  axis  perpendicular  to  tfae 

length  of  the  girder. 
•a.  De^h  or  Beml-ilrder  of  nnUbna  »treii|r(h  whca  (be 

■aBse-area  Is  constaat. — If  one  flange  be  horizontal  and  the 

other  curved,/and  a,  in  eq.  11,  apply  to  the  horizontal  flange  only ; 

hence,  if  its  sectional  area  be  constant  and  if  the  girder  be  of 
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Fit.  8.— ElevaMon.  uniform  strength,  d  will  vary  as  /*, 

and  the  side  elevation  of  the  jprder 
will  be  bounded  by  a  parabola  whose 
vertex  is  at  A,  Pig.  8,  witJi  its  axis 
vertical.  In  this  case  it  may  be  shown 
that  the  whole  shearing-atrain  passes 
through  the  cun'ed  flange,  and  the 
web  has  no  duty  to  perform  unless 
the  load  rest  upon  the  horizontal  flange,  in  which  case  pillars, 
represented  by  vertical  lines  (or  suspension  rods  if  Fig.  8  be 
inverted  with  the  weights  beneath),  are  requisite  for  conveying 
the  pressure  of  each  successive  weight  to  the  curved  flange. 

96.  StrMa  In  earved  ttmagt. — The   longitudinal  strain   in 
the  curved  flange  is  the  resultant  of   the  shearing-strmu  and  a 
^%-  **■  horizontal  compression,  the  latter  being  equal  to 

the  tension  in  the  horizontal  flange.     If  therefore, 
the  lines  A 1,  A  2,  A  3,  &c.,  Fig.  9,  represent  the 
shearing- strains   at  different   points,  and  if  the 
horizontal  line  A  B  represent  F  (or  the  uniform 
horizontal  compression),  then  the  sloped  lines  B  1 , 
82,  B  3,  &c,  will  represent  the  longitudinal  strains 
in  the  curved  flange  at  these  several  points  (0). 
Sf.  Beml-||:trder  liutded  OBlfbrMly  a>4  at  t|ie  ^xtrenlty 
«IM>,  *beariBK-str«ln. — If,  in  addition  to  a  uniformly  distributed 
load,  the  semi-girder  support  a  weight  W  at  its  extremity,  the 
shearing-strain  at  any  section  will  equal  W  +  wt.     Consequently, 
when  the  flanges  are  parallel,  the  area  of  the  web  should  increase  in 
arithmetical  ratio  as  it  approaches  the  wall  and  may  be  represented 
by  the  ordinates  of  a  truncated  triangle.     If,  for  instance,  the  line 
„    ,      „,     .         ,         A  B,  Fig.  10,  represent  the  length  of  a 
uniformly  loaded  semi-girder,  and  if  A  C 
represent  the  whole  distributed  load,  that 
is,  the  shearing-strain  at  the  wall,  then  the 
ordinates  of  the  triangle  ABC  will  repre- 
sent the  shearing-strain  at  each  point. 
Now,  let  an  additional  weight  W  be 
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suspended  from  the  end  of  the  girder  at  B,  then,  if  B  E  represent  this 
weight,  the  ordinates  of  the  rectangle  A  D  E  B  will  represent  the 
shearing-strains  produced  by  it  alone ;  and  when  the  girder  supports 
both  it  and  the  uniform  load,  the  collective  shearing-strains  are 
represented  by  the  ordinates  of  the  trapezium  C  D  E  B. 

S8.  FlaBf^e-area  of  seml-i^rder  of  anffbrm  strenirtb  loaded 
nlfbradjr  and  at  the  end  nrhen  the  depth  Is  eonstaat. — 

When  both  flanges  are  horizontal  and  the  semi-girder  supports  a 

uniformly  distributed  load  in  addition  to  the  weight  W  at  its 

extremity,  we  have  from  eqs.  7  and  11, 

.  _  2W7  +  wP  ,, .. 

^ 2^ ^^^^ 

Where  a  and  /  represent  the  area  and  unit-strain  of  either  flange 

indifl^erently  at  a  distance  I  from  the  extremity.    If  the  semi-girder 

be  of  uniform  strength,  /  will  be  constant  and  a  will  vary  as 

/  (2W'  +  wZ),  and,  if  the  depth  of  the  flange  be  uniform,  its  breadth 

will  vary  in  the  same  ratio.     Consequently,  the  plan  of  the  flanges 

will,  if  symmetrical,  be  bounded  by  a  pair  of  parabolas,  differing 

however,  from  Fig.  7  in  the  position  of  their  vertices. 

99*  nepth  af  semi-fflrder  af  aalfbrm  iitrenirth  laaded 
aaifbnnljr  and  at  the  end  when  the  flani^e-area  Is  eonstant. — 

If,  however,  one  flange  be  horizontal  and  the  other  curved,  /and 
0,  in  eq.  12,  apply  to  the  horizontal  flange  only ;  hence,  if  its  area 
be  uniform,  d  will  vary  as  I  {2yN'  +  tr/),  and  the  elevation  of  the 
girder  will  be  bounded  by  a  parabola. 

Ex.  A  semi-girder,  447  feet  long  and  22*25  feet  deep,  supports  a  miifonnly 
distrilmied  load  of  1'82  tons  per  naming  foot  in  addition  to  a  weight  of  161*6  tons  at 
tlie  extremity.  What  is  the  inch-strain  on  the  net  section  of  the  tension  flange 
at  the  paint  of  support,  its  gross  area  being  182 '6  inches,  but  reduced  by  riyet-holes 
to  the  extent  of  }th8  T 

Here,   W'=  1616  tons, 
I  =    447  feet, 
d  =     22*25  feet, 
10=       1  '82  tons  per  foot, 
^_7X  132-6  _  10318  square  inches. 

I          /      io\  ^      2  X  161-6  X  447  +  182  X  447  X  447  _  «.oi  ♦.^„.  u^v  .f^i„ 
J»«er(eq.l2)./=  2  X  10813  X  2225 =  8 94 tons inch-strain. 
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CA8B    III. — FLANGED    QIEDER   SUPPOBTED    AT   BOTH   ENDS   AKD 

LOADED   AT  AN  INTERMEDIATE   POINT. 

Kg.  11. 


—Let  W  =  the  weight,  dividing  the  girder  into 
segments  containing  respectively  m 
and  n  hnear  units, 
I  =  m  +  n  =  the  length  of  the  girder, 
d  =  the  depth  ftt  any  given  cross  section 

AB, 
X  =  the  distance  of  this  cross  section  from 
the  end  of  the  segment  in  which  it 
occurs, 
F  =  the  horizontal  strain  exerted  by  either 
flange  at  A  or  B,  that  is,  the  hori- 
zontal component  of  the  longitudinal 
str^n  if  the  flange  be  oblique. 
On  the  principal  of  the  lever  (10),  the  reaction  of  the  left  abutment 
c:  7  W,  and  A  B  C  is  held  in  equilibrium  by  this  reaction  of  the  left 

abutment,  the  horizontal  flange-strains  at  A  and  B,  the  shearing- 
strain  in  the  cross  section  A  B,  and  the  horizontal  strains  in  the  web 
when  continuous.  Neglecting  these  latter  when  the  web  is  thin, 
and  taking  the  moments  of  the  other  forces  round  A  or  B,  we 
obtain  the  following  relations: — 

^*  =  Frf  (13) 

W  =  ^  (14) 


(15) 
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81.   BiamiPioi    llaiii^eHiiraliiA    oeear    at    the   urelyht* — 

If  the  cross  section  be  taken  at  the  weight,  x  zz  m,  and  eqs.  14 

and  15  become  ^  _  Fd7  ^.gx 

~"  mn 

F = *"",y^  (17) 

dl 
«  attains  its  greatest  value  when  it  equals  m;  hence,  comparing 
eqs.  15  and  17,  we  find  that  the  horizontal  strain  at  any  point  in 
either  flange  attains  its  greatest  value  when  the  weight  rests  there. 

9M.  Ckmcenirated  rollloy  load^  maximim  strabiA  !■  flaD^efi 
are  proportional  to  the  rectangle  ander  the  me^pnentm. — If 

W  is  a  rolling  load  and  the  flanges  are  parallel,  the  maximum 
strain  at  any  point  in  either  flange  occurs  when  the  load  is 
passing  that  point  and  is  proportional  to  tnn,  that  is,  to  the 
rectangle  under  the  segments. 

SS.  Wel|rl>^  ^  centre. — This  rectangle  attains  its  greatest  value 
when  the  weight  is  at  the  centre,  in  which  case  eqs.  16  and  1 7  become 

W  =  A^  (18) 

F  =  ^  (W) 

Ex.  1.  A  cast-iron  girder  is  26  feet  long  and  274  ii^chM  deep,  and  the  area  of  the 
hottom  flange  =  16  X  8  =^  4S  inchee.  If  the  tearing  inch-strain  of  cast-iron  be  7  tons, 
what  weight  laid  on  the  middle  of  the  girder  will  break  it  across  by  tearing  the 
bottom  flange,  omitting  any  strength  which  may  be  derived  from  the  web  t 

Here,    I  =  26  feet» 

d  =  27-5  inches, 

/  s  7  tons  inch-strain, 

a  =s  the  area  of  the  bottom  flange  =  4S  inches, 

F  =  /a  =  7  X  48  =  836  tons. 

Answer  (eq.  18).  W  =  if!  =  ^  ^,f^  ^J^  ^  =  118'^  tons  nearly. 

Ex.  2.  In  an  experiment  made  by  Mr.  6.  Berkley,*  a  Bmall  double-flanged  cast-iron 
girder  was  broken  by  18  tons  in  the  centre.    The  following  were  the  dimensions  : — 

Effective  length,  l=s  57  inches, 
Total  depth,  d  =  5*125  inches. 
Area  of  top  flange,  a,  =  2*88  X  0'81  =  0*72  sq.  inches. 
Area  of  bottom  flange^  a,  =:  6*67  X  0'66  =  4'4  sq.  inches, 
Thickness  of  web^  =  0*266  inches. 

♦  Proc.,  L  C.  E.,  VoL  xxx.,  p.  254. 
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What  WM  the  inch-atnin  in  each  flange  at  the  centre  of  the  girder  at  the  moment 
of  fracture  t 

Am.  (eq.  19).  Inch-etrain  in  top  flange /'=  -— ,  =  - — ^^^  ^^ — -  =69-6  tons. 
^^       '  *^    ^  "^      4a,rf     4X072X5126 

Inch-Btrain  in  lower  flaiige/=i^=- — 5lAl|_-=  11-87  tons. 

^^  ''     4o,(i      4  X  4-4  X  6125 

It  is  not  recorded  which  flange  failed  first,  but  as  the  tensile  strength  of  the  metal 
was  proved  by  direct  experiment  to  be  yeiy  high,  namely,  18*94  tons  per  square  inch, 
and  as  the  inch-strain  in  the  bottom  flange  fell  considerably  short  of  this,  the  girder 
probably  failed  by  the  crushing  of  the  top  flange,  the  inch-strain  in  which,  however, 
was  so  unusually  high,  even  for  cast-iron,  that  this  flange  no  doubt  derived  considerable 
aid  from  the  web. 

Ex.  8.  In  an  experiment  recorded  by  Sir  William  Fairbaim,*  a  girder,  cast  from 
a  mixture  of  Gartshenie,  Dundyvan  and  Hnmatite  Irons,  27  feet  4  inches  long,  18 
inches  deep,  and  whose  lower  flange  was  10  inches  wide  and  14  inch  thick,  was 
broken  by  a  weight  of  294  ^^^  ^  ^®  centra  What  was  the  inch-strain  at  the  centre 
of  the  lower  flange  at  the  moment  of  rupture,  supposing  that  it  derived  no  aid  from  the 
web  which  was  f  inch  thick  ? 

Here,      I  -  27*38  feet, 
rf=  1-6  feet, 
a.s  16  sq.  inches, 
W  =  29-6  tons. 

^««r  (eq.  19).  /  =^=.2^3X29^^  3.,,  ^ 

84.  Webj  8heaiinfp«tralii.^-7Ae  shearing-strain  in  each  seg- 
ment  is  uniform  throughout  that  segment  and  equals  the  preAure 
which  is  transmitted  tlirough  it  to  the  abutment  (14).      Thus,  in  Fig. 

11,   the  shearing-strain  at  AB  =:  -^  W  =:  the  reaction  of    the 

left  abutment.  This  shearing-strain  is  uniform  throughout  the  left 
segment,  while  that  in  the  right  segment  is  also  uniform  and  equals 

Y  W.  When  both  flanges  are  horizontal,  nearly  all  the  shearing- 
strain  is  transmitted  through  the  web  (15),  and  each  segment 
should  have  its  web  of  uniform  area  adequate  to  sustain  a 
shearing-strain  equal  to  the  reaction  of  the  adjacent  abutment. 
This  may  be  represented  graphically  as  follows: — ^let  the  line 

*  Application  of  Iron  to  building  purposes,  p.  171. 
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y«- 12.  A  F  represent  Hie  length 

I  of    the    prder,     divided 
bj  W   into  the  segments 

'  m  and   n,    and    let    the 

I  ordinate    A  B    represent 

!  the   reaction  of  the   left 


F  E  represent  the  reaction  of  the  right  abntment,  =  ~W;  then  the 

ordinates  of  the  rectangle  ABCW  will  represent  the  shearing- 
stnuna  at  each  point  in  the  left  segment,  and  those  of  the  rectangle 
W  D  E  F  will  represent  the  shearing-strains  at  each  point  in  the 
right  segment.  The  sectional  area  of  the  web  should  therefore  be 
proportioDal  to  these  ordinat«s  when  both  flanges  are  horizontal. 
When  a  single  weight  is  at  the  centre  of  the  girder,  the  rectangles 
become  equal,  and,  if  both  flanges  are  horizontal,  the  section  of  the 
web  should  be  uniform  throaghout  its  whole  length,  as  it  sustains 


W.  MRBle  Sxcd  load,  ■ange-Area  of  ylrdcr  ef  Wilftnn 
atnmgth  wtaca  the  depth  U  eoMlMit. — When  both  flanges 
are  horizontal,  we  have  from  eq.  15, 

■/=^  («» 

where  /  and  a  represent  the  unit-strain  and  area  of  either  flange  at 

I  distance  x  measored  f  rcnn  the  abutment.    When  the  girder  is  of 

uniform  strength,  /  is  constant  throughout  each  flange,  and  a  will 

Pte.  13.— PUn.  vary  as  x.    Hence,  if  the 

depth  of  the  flange  be 

uniform,   its  width  will 

vaiy  as  x,  and  the  plan 

of  the  flange  will  be  two 

triangles  united  at  their 

bases,  as  in  Fig.  13. 

Ex.  L  A  girdcc  'tee  Rg.  11),  SO  feet  long  and  4  feet  iaep,  lapporb  a  load  of  16  toni 
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at  9  feet  fcom  one  end ;  what  ghould  be  the  krek  of  the  top  flftngo  In  the  middle  of 
tha  girder  eo  that  the  inch-atrain  nuy  not  exceed  1  torn  I 
K«re,  Vt  =  16  toni; 

I  =  50  fBrt, 
d=  ittet. 
/  =  i  tofu  iueb-atadn, 
n  =  S  feet, 
>:  =  25teet 
_  MiW  _  9  X  2S  X  16  _ 
dfl         4  X  4  X  60  " 


Anmr  (eq.  20).  a  =.^;L  =  .LAj5£JLil=  41  „n»re  iodiet. 


Ex,  2.  What  la  the  stt^n  In  dther  flange  at  the  loadl 
Here,    m  =  41  feet. 
_  mnW  _  41  X  a  X  18  _ 
4  X  60 


,K17).F.i^.J!iifiil.».5., 


Ux.  3.  What  Is  the  ahearing-itialn  In  each  aegment  1 
A  ntaer.  The  wgmenta  aro  Kspectivelj  9  and  41  feet  long,  and  the  •heftrii^'abaii) 
throu^ioiit   the  ihorter  (egmaiit  =-- — X IS  =  I3'12  torn,  and  that  thron^ioiit  the 


SO 


Xlfl^S-EStooa. 


SO.  SlBsIe  flxcd  load,  depth  of  s^'^'  *'  MnUbrH  strcnstli 

when  the  nuye-arca  Is  eomwtant. — If,  however,  one  flange  be 

horizontal  and  the  other  sloped,  /  and  a  in,  eq.  20,  apply  to  the 

horizontal  flange  only,  and  if  its  area  be  nniform,  d  will  vary  as  x, 

Fig.  14— Eleration.  and  the  elevation  of  the 

I  girder  will  be  a  triangle 
whose  apex  is  at  the 
weight.  Fig.  14.  In  this 
case  the  shearing-strain 
is  transmitted  through 
the  obliqae  flange;  the  web  may  therefore  be  omitted  and  the 
girder  becomes  the  simplest  form  of  truss.  The  longitudinal 
strain  in  the  obliqae  flange  may  be  calculated  according  to  the 
principle  explained  in  9.  When  the  weight  rests  upon  the  hori- 
zontal flai^^  a  strut  h  is  required  of  sufficient  strength  to  support 
W  and  transmit  its  weight  to  the  apex. 

91.  CsMecBtrated  rallliif  lead,  sbMiiDs  •tralK. — If  the 
weight  be  a  rolling  load,  the  shearing-strain  in  either  segment  varies 
directly  as  the  length  of  the  other  segment  (M).     Consequently,  it 
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sttaios  its  greatest  value  at  each  point  just  as  the  weight  passes, 

when  it  suddenly  changes  both  in  amount  and  in  the  direction  in 

which  it  is  transmitted,  to  the  right  or  left  abutment  as  the  case 

may  be.     In  this  case  the  maximum  shearing-strain  at  each  section 

is  proportional  to  its  distance  from  the  farther  abutment  and,  if  both 

flanges  be  horizontal,  the  area  of  the  web  should  increase  in  the  same 

F%.  16.— Sheuing-rtnlD.  ratio  also — i.e.,  as  the  ordinates  of 

I  the  figureABCDE,  Fig.  15.  in 

which  the  horizontal  line  AB  re- 

!  presents  the  length  of  the  girder, 

and  each  of  the  vertical  lines  A  E 

and  B  C  represents  the  weight  of 

the  passing  load. 

t%.  Csaeentratcd  rolUaf  Im4,  ■aace-uvM  or  ffrder  »T 
■■■Ana  streBBth  whca  the  dcptk  la  eoaMaat. — In  the  case 
of  a  single  load  traversing  a  girder  both  of  whose  flanges  are 
horizontal,  we  have  at  the  place  the  weight  is  passing,  from 
eq.  17, 

/=^  (2.) 

where  a  and /represent  the  area  and  maximum  unit-strain  of  either 

flange  at  the  weight,  and  m  and  n  represent  the  lengths  of  the  two 

segments  into  which  the  weight  divides  the  girder  at  the  moment 

of  passing.    If  the  girder  be  of  uniform  strength,  /  will  be  constant 

throughout  each   flange,  and 'a  wilt  vary   as  the  rectangle  ntn. 

jng.  16.— iilaii.  Hence,  if  the  depth  of 

the  flange  be  uniform,  its 

breadth  will  vary  as  mn 

also,  and  the  plan  of  the 

flange,  if  symmetrical,  will 

be  formed  by  the  overlap 

of   two    parabolas   whose 

vertices  are  at  AA,  Fig.  16. 

S9.  C— «eMtr>ted  roUInv  load,  depth  of  glrdn  of  nnUbrm 
Mreactli  when  the  flaMse-area  1«  eoaatamt. — If,  however,  one 
flange  be  horizontal  and  the  other  curved,  /  and  a  apply  to  the 
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Fig.  17.— Qevmtios.  horizontal  flange  only, 

and,    if   it«  section    be 

aniform,  d  will  vary  as 

mn.  Hence,  tlie  elevation 

I  of  the  curved  flanfre  will 

be  a  parabola  whose  axis  is  vertical  and  its  vertex  at  A,  Fig.  17. 

40.  CoBcentraCHI  roUlnir  load.  Htraln  In  earvcd  Banrc — 
SecUoM  oTearrHI  Oaai^,— The  maximum  longitudinal  strain  at 
any  point  in  the  curved  flange  of  Fig.  1 7,  i.e.,  the  strain  when  the 
weight  rests  over  that  point,  may  be  thus  obtained.  Eq.  17  proves 
that  the  horizontal  component  of  this  longitudinal  strain  is  equal  to 
the  strwi  in  the  horizontal  flange  at  the  same  cross  section ;  it  is 
therefore  a  known  quantity,  and  the  longitudinal  strain  may  be 
found  from  it  as  follows :— Let  the  line  A  B,  Fig.  18,  represent  F, 
S%.I8.  ie.,  the  horizontal  component ;  draw  AC 

parallel  to  the  tangent  of  the  curve  at  the 
,  given  point,  and  draw  B  C  perpendicular 
I  to  A  B ;  then  A  C  will  represent  the  maxi- 
mum longitudinal  strain  at  the  given  point, 
and  B  C  will  represent  its  vertical  component,  or  that  portion  of 
the  shearing-strmn  which  is  transmitted  through  the  curved  flange 
(9) ',  the  remainder  of  the  shearing-strain  passes  through  the 
web,  which  indeed  prevents  the  girder  from  assuming  a  form 
similar  to  Fig.  14,  a  result  that  would  occur  were  the  curved 
flange  flexible  like  a  chain  and  the  web  absent. 

From  what  has  just  been  stated  it  appears  that  the  longitudinal 
strain  in  the  curved  flange  from  a  single  rolling  load  =  faecB 
where  0  represents  the  inclination  of  the  flange  to  a  horizontal 
line,  and  its  sectional  area  shonld  increase  therefore  as  it  approaches 
the  abutments  in  proportion  to  sec  6,  since,  by  b^'pothcsis,  F  is 
constant. 


S%.I8.  1 


CHAP.   II.]        BRACED  OB  THIN  C0NTINU0D8  WEBS.  29 

CASE  IT. — FIiAKOED    GIRDBB    SUFPOBTED    AT    BOTH   EMI>S    AND 

I.OADED  AT    IBBEOULAB   INTEBTALS. 

Hga.  19  Mid  20. 


s. — ^When  several  weights  rest  upon  a  girder,  the 
>tnuD  at  any  point  in  either  flange  is  equal  to  the  sum  of  the  struns 
doe  to  each  weight  acting  separately.  An  example  in  which 
numbers  are  mixed  with  symbols  will  illustrate  the  method  of 
calculation  better  than  symbols  alone.  I^et  the  girder  represented 
in  Fig.  19  be  divided  into  any  convenient  number  of  equal  parts  or 
units  of  length,  say  10;  and  let  it  be  loaded  with  any  number  of 
wdghts  of  different  magnitades,  say  4,  placed  at  irregular  intervals, 
IS  in  the  figure. 
Let  W„  W4,  W„  Wp  =  the  several  weight*, 

I  =:  the  length  of  the  girder  (divided  into 

10  units), 
d  =  the  depth  at  any  given  cross  section  A  B, 

measured  in  the  same  units  as  I, 
F  =  the  horizontal  strain  exerted  by  either 
flange  at  A  or  B,  that  is,  the  horizontal 
component  of  the  lon^tudinal  strain  if 
the  flange  be  oblique. 
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On  the  principle  of  the  lever,  the  reaction  of  the  right  abatment 

=  ^w,+:*iw,+|w,+-5-w. 


=^'(W,  +  4  W,  +  8  W,  +  9  W,), 

and  the  segment  ABC  is  held  in  eqmlibrimn  by  the  reaction 
of  the  right  abatment  acting  upwards,  the  weights  Wg  and  Wg 
pressing  downwards,  the  horizontal  flange-strains  at  A  and  B,  the 
shearing-strain  in  the  cross  section  A  B,  and  the  horizontal  strains 
in  the  web  when  continuous.  Neglecting  the  latter  when  the  web 
is  thin,  and  taking  moments  round  A  or  B,  we  have 


Fd=^(W,  +  4W,  +  8We  +  9W3)-2Wg-3W, 


9 


arranging,  we  have 

F=-l-(4Wi  +  16  W4  +  12  Ws  +  6  W,). 

If  the  weights  are  of  equal  magnitude,  this  becomes 

c^38W-3.8W 

4S.  Webs  8heaiinfp«tralii. — Bearing  in  mind  the  definition 
given  in  14^  it  will  be  apparent  that  the  shearing-atrain  at  any  cross 
section  =  tlwse  portions  of  the  weights  in  the  left  segment  which  are 
conveyed  to  the  right  abutment  minus  those  portions  of  the  weights  in 
the  right  segment  which  are  conveyed  to  the  left  abutment.  Thus, 
in  the  foregoing  example, 

the  shearing-strain  at  AB=:  ^(W,  +4W4  — 2  Wg  — Wg). 

The  shearing-strain  may  also  be  derived  from  another  considera- 
tion as  follows.  The  vertical  forces  acting  on  the  right  segment 
ABC  are  : — the  reaction  of  the  right  abutment  acting  upwards, 
the  weights  Wg  and  W9  pressing  downwards,  and  the  shearing- 
strain  at  A  B.  The  only  other  forces  are  horizontal,  namely,  the 
horizontal  components  of  the  flange-strains  at  A  and  B ;  consequently, 
the  vertical  forces  must  balance  each  other,  for  otherwise  there 
would  be  motion,  and  we  may  therefore  define  the  shearing-strain 
at  any  cross  section  to  be   the   algebraic   sum   of  the  external 


k 
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/ofces  on  either  side  of  the  sectio%  forces  acting  upwards  being 
posiHr>e  and  those  acting  downwards  being  negative.  For  example, 
we  have  the  shearing-strain  at  A  B  =  the  reaction  of  the  right 
abntment  minus  the  intermediate  weights  W^  and  W9 

=  ^(W,  +  4W,-2W8-W«) 
as  before.     If  the  weights  are  of  eqnal  magnitude,  this  becomes 
^  =  0-2  W. 

The  shearing-strain  with  irregular  loading  may  be  represented 
graphically  as  follows : — Using  the  same  example  as  before,  let  the 
line  A  M,  Fig.  20,  represent  the  length  of  the  girder,  and  let  the 
ordinates  A  B  and  M  L  represent  to  a  scale  of  weights  the  shear- 
ing-strains at  the  ends,  that  is,  the  reactions  of  the  abutments ; 
then  Bd  will  equal  the  sum  of  all  the  weights ;  mark  of  Ba,  afr, 
be  and  ed  respectively  equal  to  Wi,  W4,  Wg  and  W9,  and 
draw  horizontal  lines  through  these  points  till  they  intersect 
vertical  lines  drawn  through  the  weights.  The  ordinates  of  the 
stepped  figure  ABCDEFQHIKLM,  indicated  by  lines  of 
shading,  i^ill  represent  the  shearing-strains  in  the  web,  and  the 
line  E  F  shows  where  they  pa^  to  the  right  and  left. 

Ex.  A  girder,  267  feet  long  and  22  feet  8  inches  deep,  snpports  three  looomotiyes, 
vei^nmg  25  tons  each,  at  points  whose  distances  from  the  left  abutment  are  respectively 
19, 75  and  280  feet.  What  are  the  flange-strains  and  the  shearing-strain  at  180  feet 
from  file  left  abutment  T 

Anner,  The  reaction  of  the  right  abutment  =  ^^ "^  ^^"^ ^^^  X  26  =  8084  tons, 

md  the  strain  in  either  flange  at  180  feet  from  the  left  abutment  =  ^^'^^  ^  ^J""  ^^  ^  ^^ 
~  02*15  tons.    The  shearing-strabi  at  the  same  point  =  80*34  —  25  =»  5'84  tons. 
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OABE    v.— FLANGED    GIRDER    8DPP0BTED    AT    BOTH    ENDS    AND 

LOADED  UNIFORHLT. 

Fig.  21. 


4t.  FlasKcs. — Let  /  =:  the  length  of  the  ^rder, 

d  =  the  depth  of  the  girder  at  any  ^ven 

cross  section  A  B, 
w  =  the  load  per  unit  of  length, 
W  =  lol  =  the  whole  load, 
F  z=  the  horizontal  strain  exerted  by  either 
flange  at  A  or  B,  that  is,  the  hori- 
2ontaI  component  of  the  lon^tudinal 
strain  if  the  flange  be  obliqne, 
nt  and  n  =  the   segments  into  which  the  section 
A  B  divides  the  ^rder. 
The  forces  which  keep  A  B  C  in  equilibrium  are  the  reaction  of 
the  right   abutment,  =-^>  the   wejghts    uniformly    distributed 

along  A  C,  =  um,  the  horizontal  strains  of  compression  and  tension 
in  the  flanges  at  A  and  B,  the  shearing-strmn  in  the  plane  of  section 
A  B,  and  the  horizontal  strains  in  the  web  when  continuous. 
Neglecting  these  latter  forces  when  the  web  is  thin,  and  taking 
the  moments  of  the  remainder  round  either  A  or  B,  we  have  (II) — 

—n  —  xim—=Fd  (22) 

whence 

^  -    id   —idT  (*^ 

and 

V,=^  (24) 
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Ex.  A  wrought-iron  plate  girder,  50  feet  long  and  4  feet  deep,  snpportB  a  uniformly 
distributed  load  of  82  tons ;  what  is  the  strain  in  either  flange  at  9  feet  from  one  end  t 

Here,    W  =  32  tons, 

I  =  50  feet, 

(2=4  feet, 

TO  =    9  feet, 

n  =  41  feet. 

A  /       oo\      e      'i»nW       9  X  41  X  32       „o..  .     . 

An8u>er  (eq.  23).     F  =    ^  „    =-— - — ,       ,^  g=  29*5  tons. 

^  ^       '  '2dl         2  X    4  X  50 

29 '5 
If  4  tons  per  square  inch  be  a  safe  strain,  the  area  of  the  flange  should  =  **       =»  7*4 

4 
square  inches. 

44.  Strabis  at  centre  of  girder. — At  the  centre  of  the  ^rder 
m  =  n  =-^  and  we  have  from  eq.  23, 


and 


W  =i^  (26) 


Ex.  1.  A  segment  of  either  side  span  of  the  Boyne  Viaduct,  101*2  feet  long  and  22'25 
feet  deep,  supports  a  uniform  load  of  1*68  tons  per  running  foot ;  what  is  the  strain  at 
the  centre  of  either  flange  t 

Here,  I  =  101*2  feet, 
d  =  22*25  feet, 
w  =      1*68  tons  per  running  foot. 

^«ti«r  (eq.  25).     F^^=  ^'««  ^  ^^^'^  ><  ^^^'^  =  96*6  tons. 
^  ^  Sd  8  X  22*25 

Ex.  2.  The  Ck)nway  tubulsf  bridge  is  41 2  feet  long  from  centre  to  centre  of  bearings, 
and  23*7  feet  deep  from  centre  of  top  cells  to  centre  of  bottom  ceUs  at  the  centre  of 
the  bridge.  The  weight  of  wrought-iron  in  one  tube,  412  feet  long,  is  1,147  tons,  which, 
however,  is  not  quite  uniformly  distributed,  as  the  sectional  area  of  the  tube  is  greater 

at  the  centre  than  at  the  ends  in  the  ratio  of   --  .    Making  an  extra  allowance  for 

this,  and  adding  the  weight  of  the  permanent  way  and  the  light  galyanized  iron  roof, 
we  may  assume  the  total  permanent  load  to  be  equivalent  to  1,250  tons  uniformly 
distributed.  What  is  the  permanent  strain  in  either  flange  at  the  centre  of  the  girder 
from  this  dead  load ! 

^»~- <«l- 25)-  P  =  ^  = '-^ly^  =  2,716  ton.. 

The  gross  area  of  the  top  flange  at  the  centre  of  the  bridge  is  645  square  inches ; 

that  of  the  bottom  or  tension  flange  is  536  square  inches.    If  we  assume  that  the 

D 
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weakening  effect  of  rivet  holes  in  the  tension  flwoge  is  equivalent  to  the  aid  which 
the  continuous  webs  gives  the  HKoge,  which  is  the  same  thing  as  if  we  suppose 
the  gross  area  of  the  flange  available  for  tension,  we  have  the  pennanent  tensile 

inoh-strain  at  the  centre  of  the  lower  flange  =  -~^  =  5'067  tons.    The  collective 

boo 

area  of  the  two  sides,  t.e.,  of  the  web,  at  the  centre  of  the  bridge,  is  257  square 

inches,  and  it  will  be  shown  in  Chap.  IV.  that  a  continuous  web  theoretically  aids  the 

flanges  as  much  as  if  one«izth  of  its  area  were  added  to  each  flange.     Aaannning 

then  that  — ,  =  43  square  inches,  are  added  to  the  compression  flange,  we  have  its 
6 

n  'r\(t 

permanent  inch-strain  =       * \^ —  =s  8*948    tons.      These   calculations,  it  will  be 

,  646  +  43 

observed,  are  based  on  the  hypothesiB  that  the  web  gives  its  full  theoretical  aid  to 
the  flanges,  which  is  much  too  liberal  an  allowance  to  make  in  reality.  A  train- 
load  of  }  ton  per  running  foot,  =  809  tons  unifonnly  distributed  over  one  line  of  way, 
will  increase  the  pennanent  unit-strains  by  nearly  one-fourth,  or  more  accurately, 
the  inch-strain  in  the  tension  flange  at  the  centre  of  the  bridge  will  =s  6 '32  tons  and 
that  in  the  compression  flange  will  =  4'924  tons. 

Ex.  3.  What  are  the  flange-strains  in  one  of  the  Ck)nway  tubes  from  the  pennanent 
load  at  the  quarter-spans  where  the  depth  from  centre  to  centre  of  oeUs  ^  22*25 
feet! 

Here,    W  =s  1,250  tons, 
1=^    412  feet, 
d  =  22*25  feet, 


m 

^ 

I 

T 

n 

= 

82 

Ans^  (eq.  23).  F  =.  f^  =  ^j^  ^  3  X  412  X  1250  ^  ^^^,  ^^ 
^^       '  2<«  82rf  32X22*25 

The  gross  area  of  the  top  flange  at  each  quarter-span  =  566  square  inches,  that  of 

the  bottom  or  tension  flange  =  461  square  inches.    If  we  assume,  as  before,  that  the 

aid  which  the  continuous  sides  theoretically  give  the  tension  flange  compensates 

for  the  weakening  effect  of  rivet  holes,  we  have  the  pennanent  tensile  inch-strain  in 

2  170 
the  lower  flange  at  each  quarter-span  =  zL-Lr  =  4*707  tons. 

461 

The  area  of  both  sides  of  the  tube  together  at  each  quarter-span  =  241  square 

inches,  and  if  we  assume,  as  before,  that  on&<ixth  of  this,  or  the  full  theoretic  amount, 

aids  the  compression  flange,  we  have  its  permanent  inch-strain  at  each  quarter- 

2,170 
span  =  ggfi  y  J  A  ^  ^'^^^  ^°^    ^^  comparing  the  unit«trains  in  the  flanges  at  the 

quarter-spans  with  those  at  the  centre  of  the  tube  we  find  that  they  are  nearly  equal, 
and  that  the  girder  is  therefore,  as  regards  the  flanges,  a  girder  of  veiy  nearly 
unifonn  strength. 


CHAP.  II.]        BRACED  OB  THIN  CONTINUOUS  WEBS.  35 

Ex.  4.  One  of  the  large  tabes  of  the  Britannia  Bridge  is  470  feet  long  from  centre 
to  centre  of  bearinga,  and  27'6  feet  deep  from  centre  to  centre  of  flange  oeHs  at  the 
middle  of  the  epan,  and  its  weight  is  1,587  tons.  What  was  the  stnan  in  either 
flange  at  the  oentee  while  it  was  an  independent  girder  and  before  it  was  connected 
with  the  other  tubes  t 

Antwer  (eq.  26).    F  =  ^  =  ^'f^I^,^!^  =  3890  tons. 
^^  8rf  8  X  27*6 

The  gross  areas  of  the  top  and  bottom  flanges  at  the  centre  of  the  span  are 
respectively  648  and  585  square  inches,  and  if  we  concede,  as  before^  that  the  theoretic 
aid  which  the  webs  give  the  tension  flange  is  a  sufficient  compensation  for  the 
weakening  effect  of  rivet  holes,  we  have  the  inch-strain  in  the  lower  or  tension 

"flange  =  ^~  =  5-795  tons. 

The  area  of  both  sides  at  the  middle  of  the  span  =  802  squaro  inches,  and  adding, 

as  before,  the  full  theoretic  proportion  of  one-sixth  in  aid  of  the  compression  flange,  we 

8  890 
have  the  compressive  unitetrain  in  the  upper  flange  =       *  =s  4'856  tons.      The 

student  is  cautioned  that  it  is  not  safe  practice  to  assume  what  has  been  claimed  by 
some  advocates  of  continuous  versus  braced  webs,  and  which  has  been  conceded 
above^  namely,  that  so  lai^  a  proportion  as  one«izth  of  the  web  reaUy  aids  each 
flange,  espedaUy  in  lai^  plate  girders  such  as  the  tubular  bridges.  Hence,  the  anit< 
strains  in  examples  2,  8,  and  4  are  doubtless  below  the  reality. 

45.  A  eoneentrated  load  prodaeen  the  same  strabi  !■  the 
fflaases  as  twiee  the  load  anlfbnBljr  dUitribated. — Comparing 
eqs.  17  and  23,  we  find  that  the  horiizontal  strain  at  any  point  in 
either  flange  from  a  single  weight  resting  there  is  double  that 
which  would  be  produced  by  the  same  load  uniformly  distributed. 
This,  however,  does  not  apply  to  the  web. 

46.  Webs  shearlDip-strabi. — ^When  the  load  is  symmetrically 
arranged  on  each  side  of  the  centre,  the  Bhearing-Btrain  at  the  centre 
of  the  girder  is  cipher y  and  at  any  other  cross  section  it  equals  the  sum 
of  the  weights  between  it  and  the  centre*  This  will  appear  evident 
from  the  consideration  that  the  shearing-strain  at  any  section  is  the 
pressure  which  is  transmitted  to  the  abutment  through  that  section 
(14).  Hence,  with  a  uniformly  distributed  load,  the  shearing-strain 
is  proportional  to  the  distance  from  the  centre  of  the  girder,  where 

it  is  cipher,  and  increases  towards  the  ends,  where  it  equals-— -» 
as  the  ordinates  of  a  triangle.    This  may  be  represented  graphically, 
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Fig.  22.-Sho*rfnff-«t»in.  gg  in  Fig.  22,  where  the  line  A  B 

represents  the  length  of  the  girder, 
and  the  ordinatea  A  C  and  B  E 
represent   the  reactions  of  each 


E  with  the  centre  at  D,  the  ordinates  of  the  figure  AC  DEB  will 
represent  the  shearing-strains  at  each  point  along  the  girder.  When 
both  flanges  are  honzontal,  the  sectional  area  of  the  web  ought  for 
economical  reasons  to  vary  in  the  ratio  of  these  ordinates,  for  any- 
surplus  material  would  be  more  valuable  for  snst^ning  horizontal 
struns  if  placed  in  the  flanges,  as  its  leverage  would  be  thereby 
increased. 

Bz.  1.  What  ii  tin  ihearing-ibain  in  the  veb  at  mdh  end  of  the  gbder  In  the  finC 
exMnpU  ts  44t 

Amwer.    Bheering-rtraln  =  ^=  ^''^.  "^^"^'^  =  8S  tona. 

Ex.  2.  The  iron  work  of  ane  of  the  Conway  tube*,  400  faet  long  in  the  61««r  tifta, 
WEdghi  1,112  torn;  adding  iOO  toni  for  veight  of  permanent  mj,  roof  and  a  paaiiiig 
tMln,  we  h«ve  a  total  load  of  1,612  Uaa,  of  whinfa  otie-foDith,  =  S78  toni,  la  the 
Aaaring-atrain  at  each  Old  of  each  aide  when  the  web  ia  abontlS  feet  Ugh  and  {inch 
thick.  Conaeqnently,  ita  gnai  lection  =  li2'G  aqnare  indiea,  but  aa  the  Tortical  edges 
of  the  platea  are  plateed  by  one-inch  rivet  hole^  three  inohea  apart  centm,  tlieir  net 
section  is  one-thiid  leas,  or  9G  aquare  Inches,  and  tlie  ahearlng-atnun  at  the  jolnta  when 
a  heavy  train  Is  r"*^"C  '*  about  i  tona  per  sqiiaTe  inch  of  net  section.  In  this 
example  no  credit  has  been  given  to  the  ontidde  platee  of  the  oeUalar  flanges,  which 
donbtleaa  contribute  their  qoola  of  stiengUi  to  withstand  shearing-sbain. 

41.  nancc-Brea  of  girder  of  BBlAtras  BtrcB^h  wIicb  the 
tfeptli  Ifl  eommtmmt. — From  eq,  23  we  have,  when  both  flanges  are 
horizontal, 

/=^  (27, 

where  a  and  /  represent  the  area  and  unit-strain  of  either 
flange  at  any  section  which  divides  the  girder  into  segments 
containing  m  and  n  linear  units.  If  the  girder  be  of  uniform 
strength,  /  will  be  constant  thronghout  each  flange  (19),  and  a 
will  vary  as  mn.     Hence,  if  the  depth  of  the  flange  be  uniform, 
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Pig.  33.— PluL  its    width    will    vary    us 

tn,  and  the  plan  of  the 
fltinge  will,  if  aymmetrical, 
be  formed  by  the  overlap 
of  two  parabolas  whose 
vertices  are  at  AA,  Fig, 
23. 

48.  »«p(h  or  vinicr  of  snilkm  slreaBth  wbca  lb«  Bmmgr- 
Mmt  Is  eeBataat. — If,  however,  the  depth  of  the  girder  vary 
while  the  area  of  the  horizontal  flange  reoiains  uniform,  d  will 
vary  as  mn.     Hence,  the  elevation  of  the  curved  flange  will  be 

Fig.  24— Elevation.  a  parabola  whoee  axis  \« 

Ivertiod,  with  its  vertex 
at  A,  Fig.  24.  In  this 
case  it  may  be  shown  that 
the  whole  shearing-Btrain 
passes  through  the  curved  flange,  and  that  therefore  no  web  is 
required  for  diagonal  struns.  When,  however,  the  load  rests  upon 
the  horizontal  flange,  pillars,  represented  by  vertical  lines  (or 
BuspensioQ  rods,  if  Fig.  24  be  inverted),  ore  required  to  convey 
the  vertical  pressiu^  of  each  weight  to  the  curved  flange.  The 
longitudinal  stnun  m  the  curved  flange  increases  towards  the  points 
of  support  iind  may  be  found  by  the  method  explained  in  BO. 

49.  SaspcnsitHi  bridp^ — Carre  of  rqalllbriam, — The  hori- 
zontal flange,  Fig.  24,  prevents  the  ends  of  the  curved  flange  from 
approaching  each  other ;  the  same  eflect  may  be  produced  by 
fiutening  the  ends  of  the  curved  flange  to  the  abutments,  in  which 
case,  the  load  being  suspended  below  the  curved  flange,  we  have 
the  suspension  bridge  for  a  uniform  horizontal  load.  The  curve 
which  an  unloaded  chain  of  uniform  section  assumes  from  its  own 
woght  is  the  catenary,  which,  however,  differs  but  slightly  from 
a  parabola  when  the  ratio  of  the  deflection  to  the  span  does  not 
exceed  that  commonly  adopted  for  suspension  bridges,  viz.,  f-^ 

If  Fig.  24  be  inverted  and  the  liorizontal  flange  replaced"  by 
toUd  abutments,  to  keep  the  arch  from  spreading,  we  have  the 
arch  of  equilibrium  for  a  uniform  horizontal  loud,  and  when  the 
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arch  has  merely  its  own  weight  to  Bupport,  the  inverted  catenary 
becomes  the  arch  of. equilibrium.  Every  change  in  the  position 
of  a  load  alters  thd  form  of  the  curve  of  equilibrium,  wkoxe 
horizontal  eompontnt  w  uniform  throughout  tht  whole  curve;  for 
it  is  obvious  that,  if  the  horizoDtal  strun  at  one  point  of  a 
flexible  chiun  exceed  that  at  another  point,  the  intermediate 
portion  will  move  towards  that  side  on  which  the  stronger 
pull  is  exerted,  bo  ae  to  conform  to  the  position  of  equilibrium. 
A  suspension  bridge,  being  flexible,  accommodates  itself  to  each 
change  of  load,  assuming  at  each  moment  the  position  of  equili- 
brium for  the  particnlar  load  to  which  it  is  temporarily  sub- 
jected ;  but  neither  the  rigid  flanges  of  a  ^nler,  nor  the  vouBSoirs 
of  a  stone  arch,  can  thus  suit  themselves  to  the  changing  position 
of  the  load.  The  web  of  the  former,  and  the  spaodril  walls  of  the 
latter,  are  therefore  reqaisite  to  enable  a  rigid  structure  to  sustain 
a  variable  load  without  fracture,  which  they  do  by  converting 
what  would  otherwise  be  transverse  elrune  in  the  arch  or  flanges 
into  longitudinal  ones. 

CASE  Tt. — FLANGED   GIBDEB   SUPFOBTED   AT    BOTH    EVDB    AKD 
TRAVEH8ED   BY   A   TEAIN  OF   UNIFOBM   DENSITY. 

SO.  PasKlBK  trals  of  ■■ifbrm  deMiity — Bbearlns^trala — 
Flanitcfl. — When  a  distributed  rolling  load,  such  as  a  railway 
train,  traverses  a  girder,  the  shearing-strain  throughout  the  un- 
loaded segment  may  be  found  as  follows.  Let  the  tnun  be  of 
uniform  density  per  runnmg  foot,  and  its  total  length  not  less 
than  that  of  the  girder. 

Ffg.  25.— Shearing-rtntin. 
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Let  I  =  the  length  of  the  girder, 

d  =  the  depth  of  the  girder  at  A,  in  front  of  the  train, 
to  =  the  weight  of  the  train  per  unit  of  length, 
m  and  n  =  the  segments  into  which  the  front  of  the  train  divides 

the  girder,  n  being  the  loaded  segment, 
R  =  the  reaction  of  the  left  or  unloaded  abutment,  t.^.,  the 

shearing-strain  in  the  segment  m. 

F  =  the  horizontal  stnun  exerted  by  either  flange  at  A, 

that  is,  the  horizontal  component  of  the  longitudinal 

strain  if  the  flange  be  oblique. 

The  girder  is  held  in  equilibrium  by  the  upward  reaction  of  each 

sbutment  and  the  downward  pressure  of  the  train.    This  latter  = 

iTfi,  which  we  may  conceive  collected  at  its  centre  of  gravity  whose 

distance  from  the  right  abutment  =  ~  (11).     Taking  moments  round 
this  abutment,  we  have  R /  =  ini-.     Hence,   • 

R=^*  (28) 

This  is  the  shearing-strain  throughout  the  unloaded  segment, 
since  it  is  transmitted  through  every  section  between  the  front  of 
the  train  and  the  left  abutment  (14).  As  the  train  moves  forward, 
the  shearing-strain  in  front  increases  as  the  square  of  the  loaded 
s^ment,  and  varies  therefore  as  the  ordinates  of  a  parabola,  the 
ordinates  being  represented  by  the  vertical  lines  of  shading  in 
Fig.  25,  with  the  vertex  at  B. 

The  flange-strain  in  front  of  the  train  may  be  eadly  found  by 
taking  moments  round  either  flange  at  A^  when  we  have 

P     Rwi     wfnvr  /oo\ 

51.  Mamiioi  straias  !■  well  oetmr  at  aae  «a«  afa  paaaiaff 
traia. — It  can  be  easily  proved  that  the  shearing-strain  at 
any  point  A  is  greater  when  the  load  covers  the  longer  segment 
than  when  it  covers  the  whole  girder.  In  the  latter  case  the 
load  is  uniformly  distributed  all  over,  and  the  shearing-strain 

at  A  =^^      (46),  but  when  the  load  covers  the  greater  segment 
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onIy,the8hearing-BtraiiiatA  =  57^^^^--;.     Subtracting  the  former 

from  the  hitter  quantity,  we  obtiun  the  following  result.  The 
shearing-struu  at  the  end  of  a  passing  train  of  uniform  density 
covering  the  greater  segment  exceeds  that  produced  by  a 
load  of  equal  density,  but  extending  over  ihe  whole  girder,  by 

a  quantity  equal  to  ^^,  where  m  representa  the  shorter  and  un- 
loaded segment.  It  will  be  observed  that  this  excess  b  equal  to 
the  shearing-strain  ^roughout  the  unloaded  segment  whenever 
the  train  covers  the  leaser  segment  only. 

Ex.  A  nulw»y  girder  ia  SO  feet  In  length,  and  t^e  heaviHt  train  woght  1^  tona 
per  nmning  foot;  what  in  the  ma-rimnm  ahearing-atraiu  from  thia  train  at  1£  feet 
from  one  end  !    This  will  occtir  when  the  trun  coven  the  greater  aegment,  and  we 


I  =  90  feet, 

«  =  16  feet, 

»  -  76  feet, 

ID  =  1-26  tona. 

.iMWr(eq.28). 

p    im'     125X7SX75 

59.  IjBlflirm  load  ■■«  paaiOmg  tralB»  ■beariar^tralH. — 

Let   D  E,    Fig.   26,    represent    a    nulway    girder,   and   let   the 
Fig.  ae—Shearing^train.  ordinates  D  A  anil  E  C  represent 

the  shearing-strains  at  its  extre- 
mities   from   a    load    uniformly 
distributed  over  its  whole  length, 
such  as  the  permanent  bridge- 
load.    Draw  A  B  and  C  B  to  the 
centre  of  DE  and  the  ordinates  of 
the  figure  D  A  B  C  E  will  repre- 
sent the  shearing-strains  at  each 
point  due  to  this  uniformly  distributed  load  (46).     Again,  let  D  E 
and  E  H  represent  the  shearing-strains  at  the  extremities  from  the 
greatest  rolling  load  of  uniform  density  (say  engines),  when  covering 
the  whole  girder.     Draw  the  parabolas  D  Q  H  and  EOF,  and  the 
ordinates   of  the  figure  D  F  Q  H  E  will   represent   the  greatest 
iheariDg-straina  due  to  this  manmum  rolling  load.    The  ordinates 
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of  the  two  figures  combined,  namely  A  B  C  H  Q  F,  will  represent 

the  greatest  possible  shearing-strains  to  which  the  girder  is  liable 

whatever  may  be  the  position  of  the  rolling  load.* 

53*  MaxImoHi  strain  in  flann^es  occur  with  load  all  OTcr. — 

The  horizontal  strains  in  the  flanges .  attidn  their  greatest  value 

when  the  load  covers  the  whole  girder,  for  the  strain  at  each  point 
equals  the  sum  of  those  produced  by  each  weight  acting  separately, 
and  is  consequently  diminished  by  the  removal  of  any  one  weight ; 
the  same  result  may  be  obtained  by  comparing  equations  23  and  29, 
when  we  find  that  the  flange-strain  in  front  of  a  train  is  less  than 

when  the  train  covers  the  whole  girder  in  the  ratio  of  j,  where  n 

represents  the  segment  covered  by  the  train. 

54.  Area  of  a  continaous  well  calculated  fWnn  tbe 
fihearlns^traln — Quantity  of  material  in  a  continuous  well. — 

When  the  flanges  are  parallel,  the  theoretic  area  of  a  continuous  web 

may  be  calculated  from  the  shearing-strain  by  the  following  rule : — 

o    !.•      1  r^       u       Shearinff-strain 

Sectional  area  of  web  =  — =.--r— ^ — -. 

Unit-stram 

in  which  the  unit-strain  is  the  safe  unit-strain  for  shearing.     This 

gives  the  minimum  thickness,  which,  however,  is  often  much  less 

than  a  due  regard  for  durability  requires ;  neither  does  this  rule  give 

an  adequate  idea  of  the  additional  material  required  for  stiffening 

the  web  against  buckling,  of  which  more  hereafter. 

Ex.  A  fldngle-webbed  plate  girder,  50  feet  long  and  i  feet  deep,  supports  a  uniformly 
diatributed  load  of  82  tons ;  wliat  is  the  theoretic  thickness  of  the  web,  if  i  tons  per 
square  inch  be  a  safe  sheazing  unit-straint  The  shearing-strain  at  each  end  s  16  tons, 
and  the  theoretic  section  of  the  web  =  y  =  4  square  inches ;  but  as  the  depth  of 
the  girder  is  i  feet,  the  thickness  of  the  web  would  be  only  ^  =  ^th  inch,  which  is 
altogether  too  thin  for  safe  practice.  The  second  example  in  40,  however,  shows  that 
the  rule  is  applicable  to  the  Conway  tubular  bridge. 

On  comparing  345  37^  405  and  585  we  find  that  when  a  girder 
with  parallel  flanges  and  a  continuous  web  is  loaded  in  the  manner 
described  below,  where 

/  =  the  length,  and 

/  =  the  safe  unit-strain  for  shearing  force, 

*  Appendix  to  Paper  on  Lattice  Beams.  By  W.  B.  Blood,  Esq.,  Proe.  I,  C.E., 
YoL  xi,  p.  9. 
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the  theoretic  quantity  of  material  in  the  web  should  be  as  fol- 
lows : — 


Kind  of  loftd. 

Theoretic  qiuuitltj  of 

Proportional  nnmben. 

Fixed  cftntral  load.    .    .  =  W 
Conoentrated  rolling  load  =  W 
Uniformly  diRtributedload  r-  W 
Distributed  lolling  load  .  =  W 

V 

V 

if 

24/ 

12 

18 

6 

7 

55.  Depa  and  leBfrth  ffbr  ealculatiOB. — In  calculating  the 
flange-strains  of  girders  with  continuous  webs,  the  extreme  depth 
may  be  taken  as  the  depth  for  calculation  whenever  the  web  is 
neglected;  but  when  a  continuous  web  is  taken  into  account,  or 
when  the  web  is  formed  of  bracing,  the  depth  may  be  measured 
from  the  upper  to  the  lower  intersection  of  the  web  with  the 
flanges,  at  which  points  the  flanges  are  assumed  to  be  concentrated. 
Girders  with  cellular  flanges  are,  however,  exceptions  to  the  fore- 
going rule,  as  in  these  the  depth  for  calculation  is  measured  from 
centre  of  upper  cells  to  centre  of  lower  cells. 

The  length  for  calculation  should  be  measured  from  centre  to 
centre  of  bearings,  which  may  be  called  the  effective  length  of  a 
girder,  and  will  always  be  greater  than  the  clear  span  and  less  than 
the  total  length. 

Ex.  The  depth  of  the  Boyne  lattice  girder  for  calcolation  la  meaanred  from  root  to 
root  of  flange  angle  irona,  and  equals  22*25  feet— see  plate  lY.  The  extreme  depth  of 
the  Conway  tube  at  the  centre  is  25*42  feet,  but  as  the  cellular  flanges  are  each  1*75  feet 
deep,  the  depth  for  calculation  is  23*67  feet.  The  extreme  length  of  the  Conway  tube 
is  424  feet,  the  clear  span  between  the  supports  is  400  feet,  and  the  effective  length 
for  calculation  is  412  feet,  the  bearings  at  each  end  being  12  feet  in  length. 
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CHAPTER  III. 

TRAirSTEBSE  STBAIN. 

M.  TnuuTcrse  atr^M. — Let  Fig.  27  represent  a  aenu-girder 

of  uiy  form  whatever  of  cross  secdon,  loaded  at  the  extremity  with 

the  w^ht  W,  and  let  I  =  the  distance  of  W  from  any  plane  of 

section  A  B.     We  know  from  experience  that  whenever  a  semi- 

.jf.   ^  girder  such  as  that  described  is 

I  sutgect  to  transverse  stnun, deflection 
takes  place,  the  upper  edge  bdng 
extended  and  the  lower  edge -com- 
pressed. Thislongitudinalelongation 
and  shortening  are  not  confined  to 
the  outside  fibres  merely,  but  affect 
those  in  the  interior  of  the  girder, 
thrir  change  of  length  becoming  less  and  less  in  direct  proportion 
w  their  distance  from  the  edge  increases,  as  is  proved  by  the  lines 
A  B  and  W  D  remaining  stnught  after  deflection.     Experiments 
also  prove  that  the  amount  of  deflection  is  proportional  to  the 
bending  weight,  provided  the  limits  of  elastic  reaction  of  the  extreme 
upper  and  lower  fibres  are  not  exceeded  (V).* 

•7.  Xratntl  sulkec. — The  surface  of  unaltered  length,  N  S,  at 
or  near  the  centre  of  the  girder,  where  extension  ceases  and  com- 
prearion  begins,  ia  called  the  Neutral  turface — a  term  calculated  to 
)»oduce  a  ialse  impression  that  this  part  of  a  girder  is  Iree  from 
all  gtrain,  whereas,  as  has  been  already  stated  (14),  the  weight, 
which  is  a  vertical  force,  could  not  produce  longitudinal  strains  in 
tlie  fibres  except  through  the  medium  of  certain  diagonal  strains, 
wluch,  as  will  be  shown  hereafter,  act  probably  with  their  greatest 
iDlaudty  in  the  vicinity  of  the  neutral  surface.  The  Neutral  turface 
of  any  girder  U,  therefore,  that  surface  along  which  the  resultant 

*llaria,pp.  122,138. 
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of  Hie  horizontal  components  of  all  the  diagonal  forces  equals  cipher; 
and  according  to  this  definition  it  may  be  said  to  exist  in  diagonally 
braced  girders,  in  those  at  least  in  which  the  systems  of  triangulation 
are  numerous.  The  reader  will  find  his  physical  conceptions  of 
these  diagonal  strains  much  clearer  after  he  has  studied  the  action 
of  diagonal  bracing  in  succeeding  chapters. 

58.  Meutral  axi«— Centres  ofstrain— Resultant  ofborlsontal 
ffbrees  In  any  eross  seetion  equals  elpber, — The  line  at  X,  per- 
pendicular to  the  plane  of  the  figure,  and  formed  by  the  intersection 
of  the  neutral  surface  with  any  cross  section  of  the  girder,  is  called 
the  Neutral  line,  or  more  generally,  the  Neutral  axis  of  that 
particular  section.  The  NetUral  axis  of  any  section  is,  therefore^ 
the  line  of  demarcation  between  the  Iiorizontal  elastic  forces  of 
tension  and  compression  exerted  by  the  fibres  in  that  particular 
section  of  the  girder.  For  these  tensile  and  compressive  forces  we 
may  substitute  their  resultants. 

Let  T  =  the  resultant  of  the  horizontal  tensile  forces  above  the 

neutral  axis, 
C  =  the  resultant  of  the  horizontal  compressive  forces  below 

the  neutral  axis, 
i  =  the  dbtance  between  the  points  of  application  of  these 

resultants, 
called  the  Centres  of  strain,  or  for  distinction's  sake,  the  Centres  of 
tension  and  compression.  The  segment  A  B  W  D  is  held  in  equi- 
librium by  the  weight  W,  the  horizontal  resultants  T  and  C,  and 
the  shearing-stndn  at  the  section  AB.  Taking  moments  round 
the  centres  of.  compression  and  tension  successively,  we  have 

WZ  =  TX  =  C  J  (30) 

whence 

T  =  C  (31) 

Thus,  in  every  girder  of  whatsoever  form,  the  resultant  of  all  Hie 
horizontal  forces  in  any  cross  section  equals  cipher ^  or  in  other  words, 
the  horizontal  forces  in  any  cross  section  balance  each  other ^  a  result 
which  has  been  already  proved  in  the  case  of  flanged  girders  (eq.  4). 
We  may  arrive  at  the  same  conclusion  from  the  following 
consideration.    Suppose  a  loaded  girder  to  rest  on  rollers  at  both 
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ends  80  as  to  be  perfectly  free  to  move  in  a  horizontal  direction. 
If  we  consider  the  forces  acting  at  any  cross  section  we  find  that 
they  may  be  resolved  into  three  series,  the  first  of  which  is  vertical, 
viz.,  the  shearing-strain ;  the  second  is  horizontal,  tending  to  thrust 
the  segments  apart,  and  the  third  is  likewise  horizotital,  tending 
to  draw  them  together.  These  horizontal  forces  must  balance; 
otherwise  the  girder  would  separate  at  the  section,  since  by 
hypothesis  the  segments  are  free  to  move  horizontally  on  the  points 
of  support. 

50.  HomeBt  of  resistanee^  M. — ^Bendinir  ntoment. — The 
sum  of  the  moments  of  the  horizontal  elastic  forces  in  any  transverse 
section  round  any  point  whatsoever  is  called  the  Moment  of  forces 
resisting  rupture^  or  more  briefly,  the  Moment  of  resistance  of  that 
particular  section.*  Kepresenting  the  moment  of  resistance  by  the 
symbol  M,  we  have  for  a  semi-girder  loaded  at  the  extremity, 

WZ  =  M  (32) 

where  /  =  the  distance  of  W  from  the  transverse  section.  It  will 
be  observed  that  the  moment  of  resistance  of  any  particular  section 
is  constant,  no  matter  round  what  point  the  moments  of  the 
horizontal  forces  may  be  taken,  since  the  sum  of  the  tensile  forces 
is  equal  to  the  sum  of  the  compressive  forces,  so  that  they  form  a 
couple.  The  product  W/  is  called  the  Bending  moment  of  the 
weight,  and  eq.  32  may  be  expressed  in  general  terms  as  follows: — 
77l«  moments  of  the  external  forces  on  eitJier  side  of  any  given  sectiofi 
of  a  girder  which  tend  to  produce  rotation  round  any  point  in  tliat 
section  are  equal  to  the  moments  of  the  horizontal  elastic  reactions  in 
the  same  section  which  resist  rotation^  or  briefly,  the  bending  moment 
round  any  section  =  the  moment  of  resistance. 

The  general  case  of  a  girder  of  any  form  of  cross  section  is  similar 
to  that  of  a  flanged  girder  whose  flanges  are  at  the  centres  of 
horizontal  strain,  and  the  formulae  in  the  several  cases  of  flanged 
girders  in  the  previous  chapter  would  be  applicable  to  this  general 
case,  if  we  only  knew  the  resultants  of  the  horizontal  tensile  and 
compressive  strains  and  also  the  distance  between  their  points  of 
application. 

*  Gftlled  also  the  Moment  ofruptvre. 
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00.  €3oelBeient  of  raptare»  S. — The  following  method  is 
frequently  adopted  for  calculating  the  breaking  weight  of  solid 
rectangular  or  solid  round  girders,  though  applicable  to  other  forms 
also,  and  possesses  the  advantage  of  being  founded  on  general 
reasoning  independently  of  any  assumption  relating  to  the  laws  of 
elastic  reaction  or  of  direct  experiments  on  the  tensile  and  com- 
pressive strength  of  materials,  which  generally  require  special 
apparatus  and  are  therefore  less  easily  made  than  experiments  on 
transverse  strength.  We  have  just  seen  (eq.  30),  that  the  relation 
between  the  weight,  length,  horizontal  elastic  forces  and  distance 
between  the  centres  of  strain  of  a  semi-girder  fixed  at  one  end  and 
loaded  at  the  other,  is  expressed  by  the  equation 

V 

in  which  F  represents  indifferently  the  sum  of  the  horizontal  elastic 
forces,  either  above  or  below  the  neutral  axis,  and  is  therefore 
proportional  in  girders  of  similar  section  to  the  number  of  horizontal 
fibres  in  the  girder,  that  is,  to  its  sectional  area;  ^  =  the  distance 
between  the  centres  of  strain,  and  is  evidently  proportional  to  the 
depth,  and  I  =  the  length.  Hence,  we  obtain  the  following 
relations  for  a 

Seml-fflitler  loaded  at  the  extremity. — 

W  =  ?^  (33) 

in  which  W  =  the  breaking  weight, 

a  =  the  sectional  area, 

d  =  the  depth, 

I  =  the  length, 
and  S  is  a  constant,  which  must  be  determined  for  each  material  by 
finding  experimentally  the  breaking  weight  of  a  girder  of  known 
dimensions  and  similar  in  section  to  that  whose  strength  is  required. 
The  constant  S  is  called  the  Coefficient  of  transverse  rupture^  or  more 
briefly,  the  Coefficient  of  rupture*  of  that  particular  material  and 

*  Sometimes  called  the  Modulut  ofrvptwre. 
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section  from  which  it  is  derived,  and  equals  the  breaking  weight  of 
any  semi-girder  of  similar  section  in  which  the  quantity  -y-  =  1 . 

V 

By  reasoning  similar  to  that  adopted  in  the  several  cases  of 
Chapter  II.,  we  have  the  following  formulae  for  girders  supported 
and  loaded  in  various  ways: — 

61«  Seml-fflrder  loaded  vBifonaly. 

W  =  ^  (35) 

69,  Mrder  supported  at  both  end«  and  loaded  at  an 
Intermediate  polat^  the  segments  containing  m  and  n  linear  units, 
and  I  representing  the  length,  =  m  +  n. 

W  =  ^  (37) 

mn 

8  =  ^  (38) 

6S.  dlrtfer  supported  at  koth  eads  and  loaded  at  (heeeatre. 

W  =  ^  (39) 

V 

64.  CMrder  supported  at  koth  ends  aad  loaded  naUtanaly. 

W  =  ?^  (41) 

V 

BB.  Table  of  eoeffl^ents  of  rapture. — These  formulae, 
though  generally  restricted  in  practice  to  solid  rectangular  and  solid 
round  girders,  are  also  applicable  to  girders  of  any  form,  provided 
they  are  similar  in  section,  to  the  experimental  girder  from  which 
the  coefficient  S  for  that  form  is  derived.  In  each  class  we  must 
obtain  the  coefficient  of  rupture  for  its  particular  section  by  expe- 
rimentally breaking  a  model  girder.  This  has  been  done  for  certain 
forms  of  section  and  the  results  are  given  in  the  following  tables 
which  contain  the  values  of  S,  or  the  coefficients  of  rupture,  which 
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in  t}ie  case  of  square  or  round  sections  are  the  breaking  weights  of 
solid  semi-girders  whose  length,  depth,  and  breadth  are  each  one 
inch,  fixed  at  one  end  and  loaded  at  the  other.  Hence,  when  using 
these  coefficients  in  the  preceding  equations,  all  the  dimensions 
should  he  in  inches.  The  reader  may  easily  satisfy  himself  that  the 
value  of  S  is  constant  for  all  rectangular  sections  of  the  same  depth 
from  the  consideration,  that  any  number  of  rectangular  girders  of 
equal  depth  placed  side  by  side  have  the  same  collective  strength  as 
the  single  girder  which  they  would  become  if  united  laterally.  Hence 

—  has  the  same  value  for  the  multiple  girder  as  for  one  of  its  com- 
ponent girders,  and  therefore,  from  eq.  34,  S  is  the  same  in  both. 


Value  of 

MATERIAL. 

8 

in  tons. 

Aathorfty. 

CAST-IRON. 

Small  rectangular  bars  (not  exceeding  one  inch  in  width), 

8*40 

Clark 

Large  rectangular  ban  (three  inches  wide),    - 

Small  round  bars,        ...... 

2-26 
200 

19 

Circular  tubes  of  uniform  thickness,   -            -            .            . 

2-85 

>» 

Square  tubes  of  uniform  thickness,      .... 

8-42 

M 

WROUGHT-IRON. 

New  rectangular  bars  whose  deflection  limits  their  utility,     - 

8-82 

M 

Rectangular  bars  previously  strained  by  bending  them  while 
hot  and  straightening  them  when  cold,  and  employed  in 

the  direction  in  which  they  were  straightened,  * 

6-58 

»• 

New  round  bars,         -.--.- 

2-26 

fl 

Circular  welded  tubes  of  umform  thickness  (boiler  tubes), 

5-23 

fl 

Circular  riveted  tubes  of  plate  iron  with  transverse  joints 

double  riveted,         ...... 

8-26 

» 

Rolled  I  girders  with  flanges  of  equal  area,  about 

4-60 

T  iron,  with  the  flange  a1x>ve,  about 

4-00 



Do.,  with  the  flange  below,  about      .            .            -            . 

8*88 

— - 

STEEL  (Rectangular  bars). 

Hammered  Bessemer  steel  for  tyres,  axles  and  rails, 

9-53 

Kirkaldy 

Rolled  Bessemer  steel  for  tyres,  axles  and  rails, 

8-57 

fl 

Hammered  crucible  steel  for  tyres  and  axles, 

11-00 

n 

Rolled  crucible  steel  for  axles,             .... 

8*80 

>t 

Average  of  a  large  number  of   specimens  of  Cast,  Bes- ) 

semer,  and    Shear  steel,  strained   only  as  far  as  the  > 

600 

Fairbaim 

limit  of  elasticity,                .           .            .           •           ) 

Clark,  Britannia  and  Conway  Tubular  Bridgn,  pp.  486, 

743. 

Fairbaim,  Repcrt  of  the  Britiah  AuociatUm  for  1867. 

Kirkaldy,  ExperimenU  on  Steel  by  a  CommiUee  of  Civil  4 

Engineers, 

1868. 
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WOOD. 


Solid  Riotaiioulab  Gibdibb  amd  Sbmi-Gibdibs. 


• 

DESGRIFnON  OF  WOOD. 

InltUls  of       Speelfle 
Ezperlmentsn.  Orsrity. 

Vslae  of  S 
Inlba. 

Acacia^       -----. 

B. 

710 

1,867 

Ash,  English, 

B. 

760 

2,026 

„    American^ 

D.N. 

626 

1.795 

„            „         swamp, 

D. 

925 

1,165 

„         black, 

D. 

583 

861 

Beech,  English,      - 

B. 

696 

1,556 

„      Americsn,  white,    - 

D. 

711 

1,380 

t»             »»        reo. 

D.N. 

775 

1,789 

Birch,  Conunon,     - 

B. 

711 

1,928 

„      American,  black, 

B.U.N. 

670 

2,061 

„             „        yellow,     - 

D. 

756 

1,835 

T. 

1,280 

2,445 

Bnllet  Tree,  Demerara, 

B.Y. 

1,052 

2,692 

Cabacally, 
Canada  Balsam, 

B. 

900 

2,518 

D. 

548 

1,123 

Cedar,  Bermuda,    - 

N.Y. 

748 

1,443 

„       Gnadalonpe, 

N. 

756 

2,044 

„       American,  white,    • 

D. 

854 

766 

„       of  Lebanon, 

D. 

830 

1,493 

Ciab  Wood,  Demerara, 

Y. 

'    648 

1,875 

Deal,  Christiana,   • 

B. 

689 

1,562 

Rim,  English, 

B.D. 

579 

782 

„    Canada  Rock, 

D.N. 

725 

1,970 

Fir,  Mar  Forest,    • 

B. 

698 

1,232 

„     Spruce, 

M. 

503 

1,346 

„         „       American,  black. 

D. 

772 

1,086 

Greenheart,  Demerara, 

B.Y. 

985 

2,615 

Hemlock,   .'           •            •            • 

D. 

911 

1,142 

Hickory,  American, 

D.N.M.Y. 

881 

2,129 

„         Bitter  Nut, 

D. 

871 

1,465 

Iron  Bark,  Australia, 

T. 

1,211 

2,288 

D. 

879 

1,800 

Y. 

1,223 

2,379 

Liazch,        •           •            • 

B.D.M. 

556 

1,335 

„      American,  or  Tamarack, 

D. 

433 

911 

Ugnimi  YitsB, 

N. 

1,082 

2,013 

IxMust,  Demerara, 

B. 

954 

3,430  . 

Mahogany,  Nassau, 

M.N.Y. 

668 

1,719 

Mangrove,  Bennuda,  black, 

N. 

1,188 

1,699 

„               „        white, 

N. 

951 

1.985 

1). 

675 

1,694 

Norvray  Spar, 

B. 

577 

1,474 

Oak,  Adriatic 

B.M. 

855 

1,471 

„    African, 

B.D.M.N. 

988 

2,523 

„    American,  live^ 

N. 

1,160 

1,862 

t>            tf  .      '^^ 

D.N. 

952 

1,687 

„            „        white, 

B.D.M.N. 

779 

1,748 

„    DantdCy 

B.M. 

720 

1,518 

„    Enfflish, 

B.D.M.N. 

829 

1,694 

, 

M. 

796 

1,688 

„    Lorraine^ 

■ 

M. 

796 

1,488 

„    Memel,          ..... 

M. 

727 

1,665 

E 
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DESCRIPTION  OF  WOOD. 

Inltlali  of       Spedflc 
Ezperlmenten.  Orarlty. 

Value  of  S 
inlba. 

Pine,  American  red,           .... 

B.D.M.N.Y. 

676 

1,627 

„            „        pitch. 

• 

B.D. 

740 

1,727 

„            „        white, 

D.N.Y. 

482 

1,229 

„            „        yellow, 

B.D.M. 

608 

1,186 

„    Archangel,     - 

M. 

561 

1,870 

„    Dantzic,         .... 

M. 

649 

1,426 

„    MemeL          ... 

M. 

601 

1,848, 

„     Prunian,       .... 

M. 

696 

1,446 

„    Riga.              .... 

B.M. 

654 

1,888 

„     Virginian,     - 

M. 

690 

1,456 

Poon,          ..... 

B.M. 

673 

1,954 

Sneesewood,  South  Africa, 

N. 

1,066 

8,806 

Spotted  (rum,  Australia,   - 

T. 

1,086 

2,006 

T. 

987 

1,818 

Teak, 

B.M.N. 

729 

2,108 

WaUaba,  Demerara, 

Y. 

1,147 

1,648 

YeUow  Wood,  West  Indies, 

N. 

926 

2,108 

The  ooeffidente  for  wood  are  chiefly  taken  from  the  Profeuional  Paperw  of  the 

Corpi  of  Royal  Bnguieenj  YoL  v.    The  initial  letters  refer  to  the  following  erperi- 

menters  :~B,  Barlow ;   D,  Denison  ;  M,  Moore ;   N,   Nelson ;   T,  TrickeU  ;  T, 

Young ;  two  or  more  letters  signify  that  the  tabulated  number  is  the  mean  result 

of  the  experimenters  whom  they  represent. 

The  reader  should  observe  that  the  foregoing  values  of  S  for 
timber  are  derived  from  selected  samples  of  small  scantling, 
perfectly  free  from  knots  and  other  imperfections  tha);  cannot  be 
avoided  in  large  timber,  and  the  few  experiments  recorded  on  the 
latter  indicate  that  the  values  of  S  must  be  reduced  to  very  little 
more  than  one-half  ('54  times,)  those  given  in  the  table  when 
applied  to  girders  of  large  size,  such  as  occur  in  ordinary  practice. 

STONE. 

SOLH)  BiCTAKOULAB  GiRDKIUS  AMD   SXHI-GlRDBRS. 


DESCRIPTION  OF  STONE. 

Valna  of  S 
In  lbs. 

Anthortl7. 

GRAHITK8. 

Ballynocken,  Ca  Wicklow,  coarse  and  loosely  aggre- 
gated, 
G^den  Hill,  Blessinffton,  Co.  Wicklow,  coarse. 
Golden  Ball,  Co.  Dublin,  largely  crystalline,    - 
Kilh'ney,  Co.  Dublin,  felspathic, 
Kingstown,  Co.  Dublin,           .... 
Newry,  Co.  Down,  syenitio,     -            -            .            - 
Taylors'  Hill,  Galway,  felspar  red  and  greemah. 

109 
76 
182 
270 
846 
840 
407 

Wilkinson 

tf 

»t 

M 
fl 
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DESCRIPTION  OP  STOME. 


Vftlne  of  S 
inlbt. 


Antboritj. 


SAHDflTOinES  AHD  GbI1& 

Green  Moor,  Torkahire  bine  stone, 

„  „        white  etone,    - 

Caatlmeai,  SooilMid,     .... 
Ixiflh  aandstonee  from  varioui  localitiei^ 

LimsToim. 

Listcxwel  Qowrjr,  Kerry, 
Ballyduff  Qoarry,  Tollamore,  King's  County, 
Woodbine  Qoarry,  Athy,  Co.  Kil<&re, 
FinglasB  Qaanry,  Co.  Dublin,  - 

Blateb. 

ValflodA  Island,  Kerry,  on  edoe  of  strata, 
„  „       on  bed  of  strata, 

Glaomore,  Aabford,  Co.  Wicklow,  on  bed  of  strata, 
Killaloe,  Tipperaiy,  on  bed  of  strata,  - 

„  „         on  edge  of  strata, 

Welsh  slate,     ..... 


BJMAUn   AHB    HSTAMOBFHIO  BOOUL 

Hornblende  Schist,  Glenties^  Donegal, 
Moore  Quanr,  Ballymena^  Antrim,  crystalline,  horn- 
blendic  and  f  elspathic,  -  -       '     - 


885 
869 
867 
67  to  1,096 


414 
861 
288 
291 


1,091 
961 
1,097 
1,288 
1,087 
1,961 


669 
681 


G.  Rennie 
Wilkinson 


Wilkinson 

it 
»t 


Wilkinson 

If 
t> 
»» 

n 

G.  Rennie 


Wilkins(m 


»> 


Wilkinson,  Praetieal  Otology  and  Ancient  ArehUedure  of  Ireland, 
G.  Rennie,  Barlow  on  the  Strength  of  Materials,  p.  187. 


The  foregoing  table  contuns  a  very  small  selection  from  Mr. 
Wilkinson's  experiments  on  the  transverse  strength  of  Irish 
stones,  and  in  addition  to  these  the  reader  will  find  in  his  book 
a  Tast  number  of  most  valuable  details  relating  to  the  crushing 
strength  and  other  properties  of  building  materials  throughout 
Ireland. 

66*  Strenirtb  of  mtonem,  ewem  of  the  sanie  klnilj  Is  Tery 
TaiiaMe* — ^Mr.  Wilkinson's  experiments  were  made  on  stones 
14  inches  long,  with  sides  3  inches  square;  the  distance  between 
the  bearings  was  exactly  12  inches,  and  the  pressure  was  applied 
on  the  top  in  the  centre  of  each  stone  by  a.  saddle  one  inch 
wide.  *'The  result  of  these  experiments  shows  the  average 
strength  of  the  principal  rocks  to  be  in  the  following  order: — 
Slate  rock,  basalt,  limestone,  granite,  and  sandstone.  The  great 
variation  which  exists  in  the  different  rocks,  and  even  in  the 
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quality  of  the  same  kind  of  stone,  serves  to  show  the  caution 
which  should  be  used  in  their  selection  and  the  value  to  be 
attached  to  the  records  of  actual  experiments." 

Ex.  1.  In  an  experiment  nuule  by  the  anUior,  a  wrought-iron  bar,  4  inches  deep  and 
I  inch  wide,  had  a  weight  of  1,668  lbs.  hnng  from  one  end,  the  other  end  being  rigidly 
fixed.  It  commenced  bending  at  2  ft.  8  in.  from  the  load,  at  a  part  which  had  been 
previouBly  softened  in  the  fire  and  allowed  to  oool  slowly.    What  is  the  value  of  8 1 

Here,    W  =  1,568  lbs., 
I  =  82  inches, 
d  =    i  inches, 
a  =    8  square  inches. 

Comparing  this  with  the  tabular  value  of  S  for  "  new  rectangular  ban  whose  deflection 
limits  their  utility,"  it  would  i^pear  that  the  useful  strength  of  bars  rendered 
ductile  by  annealing  is  only  one-half  that  of  new  bars  fresh  from  the  rolls.  This  result 
is  oonfirmed  by  two  of  Mr.  Hodgkinson's  experiments  on  annealed  wrought-iron  bars 
heated  to  redness  and  allowed  to  oool  slowly. — ^See  Appendix  to  Report  of  tke  Cbminw- 
iionen  on  the  AppUeation  of  Iron  to  Railway  Structures,  pp.  45,  46. 

Ex.  2.  The  teeth  of  a  cast-iron  wheel  are  8'5  inches  long,  2*8  inches  thick,  and  7 
inches  wide ;  what  is  the  breaking  weight  of  a  tooth  ? 

Here,    I  =  8*5  inches, 
d  =  2*8  inches, 
a  =  16*1  square  inches, 
S  =  2*25  tons. 

J«««-  («q.  38).  W  =  ?^  =  Igl  X  2;8  X  gM  =  jj-g uyOB. 

Ex.  8.  A  round  wrought-iron  shaft,  5  feet  long  and  supported  at  the  extremities, 
sustains  a  transverse  strain  of  80  tons  at  14  inches  from  one  end ;  what  should  its 
diameter  be  when  on  the  point  of  yielding  t 

Here,    W  s  80  tons, 
I  a    5  feet, 
m  s  14  inches, 
n  s  46  inches, 
8  -  2*25  tons. 

From  eq.  88,  oci  ==  ^?^  ==  li2ii|^  ==  148*1  inches;  but«<i  =  ^  whence 
^  IS  <JOX  2-25  '  T^ 


Antwfr.     d  =       ,4  X  148Mi  _  ^.^  ^^ 

V     81416  "»*^«- 

Bx.  4.  In  an  experiment  made  by  Mr.  Anderson,  a  piece  of  memel  fir,  2  inches  deep 
and  1(^  inches  wide,  was  securely  fixed  at  one  extremi^,  the  projecting  part  being  2 
feet  long.  It  sustained  a  load  of  504*5  lbs.  at  the  end  for  twenty  hours  without 
breaking   right    across.     This  load,  however,  upset  the  timber  on  the  lower  or 
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compraBkm  side  next  the  fnlcmm.  Wh«t  is  the  value  of  S  derived  from  this 
eqwrimeot  t 

Here,  W  =  504'£  Iba. 

1  =  24  inches, 
d=    2  inches, 

b  =  1*94  inchea. 

Amwer  (eq.  84).   S  =  i?^  =   24  X  504-5    ^  ^ ^^  y^ 
^^       '  ad        1-94  X  2  X  2        * 

Thii  value  of  S  ezoeeds  that  given  in  the  table,  namely,  1,848  Ibe.  The  piece  of 
memel  in  thia  experiment  waa,  however,  remarkably  straight-grained  and  well 
aessoned,  and  consequently  above  the  average. 

Ex.  5.  A  horizontal  gaff  of  red  American  pine,  16  inches  square,  is  hinged  to  a 
mast  at  the  inner  end  and  suspended  by  a  chain  9  feet  from  the  outer  end.  What 
wd^  will  it  safely  bear  at  the  extremity  ?  In  this  example  the  outer  segment  is  a 
iemi-giider  9  feet  long,  and  we  have 

a  =  15  X  15  inches, 
d  =  15  inches, 

2  =  9X12  inches, 
S  ==  1,527  lbs. 


Answer 


(eq.  88).  W  =5^  =  15X15X15X1,527  ^  g^.g  ^^ 
^^       '  I  9  X  12  X  2,240 


For  temporazy  puiposes,  and  if  the  Hmher  be  perfectly  mnmd,  one-fourth  of  thia,  or  5*8 
tons,  wiU  be  the  safe  quiescent  load.  If,  however,  the  load,  though  temporary,  is 
hoisted  up  and  down  and  therefore  liable  to  produce  jerks,  one-sixth,  or  8*5  tons, 
win  be  the  safe  load,  but  if  the  timber  be  exposed  to  the  weather  and  in  frequent 
Btrain,  one-tenth,  or  2*18  tone,  will  be  the  proper  working  load. 

99.  Strmirth  of  similar  irirders — UmitofieBsili. — It  appears 

from  the  foregoing  investigatioDS  that  the  strength  of  similar  girders 

7 

Taries  as  the  square  of  their  linear  dimensions,  for  -r-,  in  eqs.  33  to 

a 

42,  i8  constant  in  similar  girders,  and  consequently  the  breaking 

weight  W  varies  as  the  area  a.    The  weight  of  the  ^rder  itself, 

however,  varies  as  a/,  t.e.,  as  the  cube  of  its  linear  dimensions.    If 

this  weight,  which  we  shall  call  Q,  equal  -th  of  the  breaking 

wdgfat,  we  have  the  breaking  weight  of  girders  loaded  uniformly 
leqs.  35  and  41), 

W  =  i^  =  nO 

V 

in  which  K  =:  2  for  a  semi-girder  and  8  for  a  girder  supported  at 
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both  ends.  The  breaking  weight  W  of  a  similar  girder  n  times 
longer  is  as  follows: — 

W  =  *i!!^  =  n»Q 

where  v?Q  is  the  weight  of  the  second  girder.  Hence,  if  tlie 
weight  of  (my  girder  i8  -ih  of  its  breaking  weighty  a  similar  girder 

n  times  longer  mil  break  from  its  own  weight.  This  defines  the 
theoretic  limit  of  length  of  similar  girders.  The  same  idea  may 
be  usefully  expressed  in  the  following  terms: — The  unit-strains 
of  similar  girders  from  their  own  weight  will  vary  directly  as  any  of 
their  linear  dimensions,  Frqm  this  it  also  follows  that,  the  weights 
of  similar  girders  are  as  the  cubes  of  their  unit-strains. 

Ex.  1.  The  Conway  tubular  girder,  412  feet  long,  sustains  from  its  own  weight  a 
tensile  inch-strain  of  nearly  5  tons  in  the  lower  flange  at  the  centre  of  the  bridge ; 
what  is  the  length  of  a  similar  girder  whose  tensile  inch-strain  is  7  tons  t 

Afuwer,  Length  =  ill^l  =  677  feet. 

5 

Ex.  2.  The  weight  of  the  Conway  tube  is  1,147  tons ;  what  will  be  the  weight  of  the 
laarger  girder ! 

Awwer,  Weight  =  1,147  X  ~    =  8,147  tons. 

69.  Meatral  axis  passes  throairh  the  eentre  of  ipraTlty — 
Praetlcal  method  of  llnillBir  the  neatral  axis. — If  the  law  of 

uniform  elastic  reaction  hold  good  in  ^rders  subject  to  transverse 
strain,  the  horizontal  elastic  reaction  exerted  by  each  fibre  will  be 
in  proportion  to  the  extension  or  compression  of  the  fibre,  that  is, 
in  direct  proportion  to  its  distance  from  the  neutral  axis  (56).  Its 
amount  will  also  be  proportional  to  the  sectional  area  of  the  fibre, 
and  if  the  variable  distance  from  the  neutral  axis  be  called  y,  and  the 
sectional  area  dtr  (differential  of  er),  then  the  elastic  force  of  the  fibre 
may  be  represented  by  ydtr  multiplied  by  a  constant,  and  F,  or  the 
sum  of  the  horizontal  elastic  forces  on  either  side  of  the  neutral  axis, 

r,  taken  within  proper  limits  and  multiplied  by  the  same 


equals  \y^<r, 


constant.    This  integral  for  the  horizontal  elastic  forces  on  the 
upper  side  of  the  neutral  axis  is  equal  to  the  similar  expression  for 
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the  horizontal  elasUo  forces  on  the  lower  aide  (eq.  31).  Now  this 
equality  is  also  the  coadition  which  determiDes  the  posiUoo  of  the 
centre  of  gravity  of  the  section.  Hence,  it  follows  that,  when  the 
fibres  are  not  strained  beyond  the  limit  of  uniform  elastic  reaction, 
the  neutral  oris  of  any  cross  section  of  a  girder  passes  through  tte 
centre  of  gravity,  and  we  have  the  following  practical  rule  for 
findbg  the  poution  of  the  neutral  axis  where  the  section  is  unsym- 
metrical,  as  in  T  iron,  or  in  girders  with  unequal  flanges.  Cut 
a  model  of  the  cross  section  of  the  girder  out  of  card-board  or  thin 
sheet  metal  and  find  its  centre  of  gravity  by  means  of  a  plumb-bob 
or  by  balandng  it  on  a  knife-edge.  This  will  give  the  powtion  of 
the  neutral  axis  of  the  girder  quite  accurately  enough  for  praoUoal 
purposes. 
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CHAPTER  IV. 

6IBDEK8   OF  VARIOUS  SECTIONS. 

69.  Momtut  or  rvsUtanee. — The  following  method  of  inves- 
tigatiDg  the  strength  of  girders  of  any  form  whatsoever  of  cross 
section  is  based  on  the  assumption  that  the  law  of  uniform  elastic 
Fig.  20.  reaction  is  true,  that  is,  that  the 

horizontal  fibres  exert  forces  which 
are  proportional  to  their  change  of 
length,  and  therefore  directly  pro- 
portional to  th^  distAnce  from  the 
neutral  axis,  an  bypotbeus  which 
sensibly   true  so    long   as   the 
strains  do  not  exceed  those  which 
are  conudered  safe  in  practice,  and  which  lie  considerably  within 
the  limits  of  uniform  elastic  reaction  (56).     Suppose  a  ^rder  com- 
posed of  longitudinal  fibres  of  infinitesimal  thickness,  and  let  us 
consider  the  horizontal  elastic  forces  developed  by  the  weight  W 
in  any  cross  sec^on  A  B, 
Let  M  =  the  moment  of  resistance  of  the  section  A  B  (50), 
d  =r  the  depth  of  the  girder, 
y  =  the  variable  distance  of  any  fibre  in  the  section  A  B, 

either  above  or  below  the  neutral  axis, 
j3  =  the  breadth  of  the  section  at  the  distance  y  from  the 
neutral  axis,  and  consequently  a  variable,  except  in 
the  case  of  rectangular  sections, 
/  =  the  horizontal  unit-stnun  exerted  by  fibres  in  the  some 

section  at  a  ^ven  distance  c  from  the  neutral  axis, 
c  =  a  known  distance,  either  above  or  below  the  neutral 
axis,   of   fibres   which    exei-t   the    horizontal    unit- 
•  strain  /. 

According  to  our  assumption,  the  unit-strain  in  any  other  fibres  at 
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a  distance  y  from  the  neutral  axis  will  be  ^.    Let  the  depth  of 

the  latter  fibres  =  dy  (differential  of  y) ;  then  the  total  horizontal 
force  exerted  by  the  fibres  in  the  breadth  (3  will  =  ^  ^ydy.     The 

V 

f 
moment  of  this  force  round  the  neutral  axis  =  '-liy^dy,  and  the 

c 
integral  of  this  quantity  will  be  the  sum  of  the  moments  of  all  the 

horizontal  elastic  forces  in  the  section  A  B  round  its  neutral  axis, 

that  is,  the  moment  of  resistance  of  the  section  in  question  (59). 

Representing  this  as  before  by  the  symbol  M,  we  have 

M=^^y«rfy  (43) 

in  which  the  integral  must  be  taken  within  proper  limits  for  each 
form  of  cross  section  and  may  be  readily  found  for  those  sections 
which  occur  in  practice  in  the  following  manner.* 

90*  Let  A,  =  the  distance  of  the  top  of  the  girder  above  the 

neutral  axis, 
•  A,  =  the  distance  of  the  bottom  of  the  girder  below  the 
neutral  axis. 
The  expression  for  the  moment  of  resistance  becomes 

^  =^'^^*''^  ■*■  ^!^^*^^      '     ^**^ 

in  which  |3»  if  variable,  must  be  expressed  in  terms  of  y. 

n.  M  flbr  sections  syniBietrlcally  disposed  alN»¥e  and 
below  the  centre  of  fpraTlty. — When  the  material  is  symmetri- 
cally disposed  above  and  below  the  centre  of  gravity,  the  neutral 
axis  bisects  the  depth  (6§),  and  i£  d=  the  depth,  we  have  A,  =  A, 

=  f.and 

M  =  ^\i  Btf^dy  (45) 

The  values  of  M  for  the  usual  forms  of  cross  section  are  as 
follows,  recollecting  that/=  the  unit-strain  in  fibres  whose  distimce 
from  the  neutral  axis  =  c. 

*  The  reader  wiU  recognise  the  integral  \Bj/*dy  aa  that  which  ezpreasee  the  Moment 
of  Inertia  of  the  croaa  aection  round  its  neutral  axia,  represented  by  the  aymbol  I. 
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n.  M  flbr  a  solid  rectoDirl^ 

Let  h  =  the  breadth, 
d  =  the  depth. 
In  the  case  of  a  rectangle,  /3  =  i  and  is  therefore  constant,  and  we 
have  from  eq.  45, 

98.  M  flbr  a  Mild  square  with  one  dlaffonal  Tertlcai. 

Let  a  =  the  semi-diagonal, 
b  =  the  side  of  the  square. 
The  variable  breadth  jS,  expressed  in  terms  of  y,  =  2  (a — y);  sub- 
stituting this  value  in  eq.  45,  we  have 

C  Jo 

Litegniting  and  reducing, 

M=^  =  ,*-*-^  (47) 

The  moment  of  resistance  of  a  square,  it  will  be  observed,  is  the 
same  whether  the  sides  or  one  diagonal  be  vertical. 

94.  M  flbr  a  drealar  dUie. 

Let  r  =  the  radius. 
The  variable  breadth  j3,  expressed  in  terms  of  y,  becomes  2  \/r* — y* ; 
substituting  this  value  in  eq.  45,  we  have 

M  =  ^Vr«_y«.y«dy. 

Integrating  and  reducing, 

M  =  ^'  (48) 

4<j 

95.  M  flbr  a  drcnlar  rbiir  of  aiillbnii  thleluiesf* 

Let  r  =  the  external  radius, 
r,  =  the  internal  radius. 

The  moment  of  resistance  of  a  ring  is  equal  to  that  of  the  external 
circle  minus  that  of  the  internal  one,  and  we  have  from  eq.  48, 

M  =  ^(r«  -  r,^)  (49) 
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If  ^  r=  the  thickness  of  the  ring,  r^  =  r —  t;  whence,  by  substitu- 
tion in  eq.  49, 

M  =  ^(4r»<  —  6r«<«  +  4r<»  —  ^) 
4c 

If  the  thickness  be  small  compared  with  the  radius  the  last  three 

terms  may  be  neglected,  and  we  have 


_T/r»i 


(50) 


c 
TO.  M  flbr  an  elllptfe  ilbic  with  one  axis  koriaoBtaL 

Let  b  =  the  horizontal  semi-axis, 
d  =  the  vertical  semi-axis. 

The  equation  of  an  ellipse  whose  origin  is  at  the  centre  is  ^  +'j^  =  1 ; 

hence,  the  variable  |3  =  2^  =  2  --.^^_y%  .     gubstituting    this 

value  of  |3  in  eq.  45,  we  have  for  the  moment  of  resistance  of  an 
elliptic  disc  round  its  horizontal  axis. 

Integrating  and  reducing, 

M  =  ^  (51) 

4c 

at.  M  flbr  aa  elliptic  liair  with  aae  axis  horiaoataL 

Let  h  =  the  external  horizontal  semi-axis, 
6,  =  the  internal  horizontal  semi-axis, 
d  =  the  external  vertical  semi-axis, 
dy^  =  the  internal  vertical  semi-axis. 
If  the  ring  be  of  uniform  thickness,  as  generally  occurs  in  practice, 
both  the  external  and  internal  curves  cannot  be  true  ellipses ;  when 
however  the  ring  is  thin,  we  may  assume  that  the  ellipse  passing 
through  the  extremities  of  the  internal  axis  is  equidistant  from  the 
external  ellipse,  and  that  the  moment  of  resistance  of  the  ring  is 
equal  to  that  of  the  external  minus  that  of  the  internal  ellipse ; 
whence  (eq.  51),  we  have  for  the  moment  of  resistance  of  an  elliptic 
ring  round  its  horizontal  axis, 

=  ^(M»-Mi*)  (52) 

4o 
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If  ^  =  the  thickness  of  the  tube,  6i  =  6  —  t  and  rfj  =  d —  t;  sub- 
stituting these  values  in  eq.  52,  expanding,  and  neglecting  the 
terms  in  which  the  higher  powers  of  t  occur,  we  have  when  the 
thickness  of  the  tube  is  small  compared  with  its  axis-minor, 

M=^^(36  +  d)  (53) 

4c    , 

98.  Two  elasscfl  of  flanged  ylrders. — The  term  ''  flanged 
^rder,**  as  has  been  already  remarked  (18),  includes  rectangular 
tubes  and  braced  girders  as  well  as  the  ordinary  single-webbed 
plate  girder.  The  sides  of  a  tube,  the  braced  web  of  a  lattice 
girder,  and  the  continuous  web  of  a  plate  girder — all  perform  the 
same  duty  of  conveying  the  vertical  pressure  of  the  load  (shearing- 
strain)  to  the  points  of  support,  developing  at  the  same  time 
longitudinal  strains  in  the  flanges.  It  is  obvious,  therefore,  that 
the  sides  of  the  tube  are  equivalent  to  the  web  of  the  single- 
webbed  girder,  which  is  the  form  best  suited  for.  calculating  the 
moment  of  resistance. 

Flanged  girders  may  be  subdivided  into  two  classes. 

Ist.  Those  in  which  the  web  is  formed  of  bracing,  or,  if  con- 
tinuous^ yet  so  thin  that  the  horizontal  strains  developed  in  it 
are  insignificant  compared  with  those  in  the  flanges.  This  class 
has  been  already  investigated  in  Chapter  II. 

2nd.  Those  in  which  the  web  is  continuous  and  so  thick  that  the 
horizontal  strains  in  it  are  of  considerable  value,  in  which  case  the 
web  acts. as  a  thin  rectangular  girder,  enabling  the  flanged  girder 
to  sustain  a  greater  load  than  is  due  merely  to  the  sectional  area 
of  its  flanges.  In  either  case  it  will  be  sufficiently  accurate  for 
practical  purposes  if  we  suppose  the  mass  of  each  flange  concentrated 
at  one  point  or  centre  of  strain,  which  may  be  assumed  to  coincide 
with  the  intersection  of  the  web  and  flanges  (55). 

TO.  M  fbr  tke  seetlon  of  a  flani^efl  irftv^^r  or  rectan^alar 
tuhe,  neffleethkf;  the  weh. — 

Let  Qi  =  the  area  of  the  upper  flange, 
a,  =  the  area  of  the  lower  flange, 
a,  =  the  area  of  the  web  above  the  neutral  axis, 
a^  =  the  area  of  the  web  below  the  neutral  axis. 
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A  J  =  the  height  of  the  web  above  the  neutral  axis, 
A)  =  the  height  of  the  web  below  the  neutral  axis, 
d  1=  hi  +  h^  =  the  depth  of  the  web, 
A  =  c7|  -|-  a,  =  the  area  of  both  flanges  together. 
From  eq.  44  the  moment  of  resistance  of  the  flanges  alone 

M  =  ^(aji,*  +  a,A3«)  (54) 

c 

If  we  neglect  the  web,  the  neutral  axis  passes  through  the  centre  of 

gravity  of  the  two  flanges  (68),  and  we  have  Aj  =  ^and  Aj  =  ^; 
hence,  by  substitution, 

Ac 
80.  M  fbr  the  section  ef  a  flani^ed  ylrder  er  reetanirnlAr 
tiibe^  tneladlnir  the  weh. — When,  however,  the  horizontal  strains 
in  the  web  are  too  considerable  to  be  safely  neglected,  the  moment 
of  resistance  of  the  web,4lerived  from  eq.  44,  must  be  added  to  that 
just  obtained  for  the  flanges  (eq.  54),  when  we  have 


M  = 


M«  M  fbr  the  section  of  a  flanpred  girder  or  rectanir>l*r 
tahe  with  equal  flanir^Sj  tnelndinir  the  weh. — If  the  flanges 
have  equal  areas,  the  neutral  axis  will  be  in  the  middle  of  the 

depth,  in  which  case  A,  =  A,  =-,  and  eq.  56  becomes 

M  =  ^(6«  +  a')  (57) 

where  a  =  the  area  of  either  flange, 
a'  =  the  area  of  the  web. 
The  moment  of  resistance  of  a  rectangular  tube  with  flanges  of 
equal  area  may  also  be  obtained  from  eq.  46  by  subtracting  the 
moment  of  resistance  of  the  inner  from  that  of  the  outer  rectangle 
as  follows: — 

M  =  j/(W»-M,*)  (58) 

where  h  =  the  external  breadth, 
6|  ==  the  internal  breadth, 


M^/aZ^lV,  p,, 
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d  —  tbe  external  depth, 
(2[  =  the  internal  depth. 
8S.  M  (brtbcscctl^BOfaavBaretabesfaBlArMtUelnois, 
dth^  -with  the  sMes  or  •■«  <1scob<^  vcitleaL — From  eqs. 
46  or  47, 

|^/(^*-V) 

where  b  :=  the  external  breadth  of  the  tube, 
hi  =  the  internal  breadth  of  the  tube. 
If  t  =  the  thickness  of  the  tube,  6,  =  b  —  2t;  substitatnng  thu 
value  in  eq.  59,  expanding,  and  neglecting  the  terms  in  which  the 
higher  powers  of  t  occur,  we  have  when  the  thickness  is  small 
compared  with  the  breadth  of  the  tube, 

M=?^'  (.0, 

When  the  value  of  M  is  known  for  any  particular  section  of 
girder  we  can  easily  find  the  value  of  the  weight  W  in  terms  of/, 
or  vice  versa,  as  expWned  in  the  following  cases: — 


CASE  I.— SEMI-GIRDERS  LOADED  AT  THE   EXTHEMITT. 
Fig.  SO. 


8A.   Let  W  :=  the  weight  at  the  extremity, 

I  =  the  distance  of  W  from  any  croaa  section  A  B, 
M  =  the  moment  of  resistance  of  the  section  A  B. 
The  forces  which  keep  the  segment  A  B  W  in  equilibrium  are  the 
weight  W,  the  shearing-str^n  at  A  B,  and  tbe  horizontal  elastic 
forces  developed  in  the  same  section.     Taking  the  moments  of  all 
these  forces  round  the  neutral  axis  we  have  (eq.  32), 

WZ  =  M  (61) 
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94.  MIM  rccteBvalM-  ■«d-clr«c»w. 

Let  £  =  tlie  breadth, 
d^  the  depth, 
From  eqa.  46  and  61, 

lie 
wbere/  =  the  unit-Btrain  in  fibres  whose  distance  from  the  nentnl 


W=^  (62) 

Ex.  A  piece  of  t«k,  2  inchn  deep  ami  1^  ischea  wide,  ti  fixed  u  &  Mmi-girdBr  at 
ODE  estnmitj  ;  whkt  weight  bong  2  feet  trom  tlie  point  of  BttachmeBt  will  laeak  it 
(cren,  the  cnuhing  inch-atrun  of  diy  teak  being  1 2,000  Ibe. ! 
Here,  I  =  3  feet, 

b  =  1-94  iuchea, 

/=  13,000  Ibi. 

^»««r.   W  =  J^  =  IM-'^iiili^^l^l^  =  «47  lb- 
tU  6X24 

TIm  onuhiiig  etnugtli  of  teak  being  oonmdenbl?  leea  tluu  ite  tearing  strength,  niptuie 

win  probably  enme  from  the  cnuhing  of  die  fibiea  on  the  comprened  aide, 

Mk  c:c«metrie«l  pnmt, — £q.  62  may  be  easily  deduced  from 
geometrical  consideration  as  follows: — 

I<et  the  rectangle  ABCD,  Fig.  31,  represent  in  an  exaggerated 
Pig.  31  degree  the  aide  view  of  any  small 

transverse  slice  whose  breadth  be> 
fore  '  deflection  —  AB.  Suppose 
the  upper  edge  after  deflection 
stretched  out  to  the  length  M, 
and  the  lower  edge  compressed  to 
Cd ;  then  the  lines  of  shading  in  the 
two  little  triangles   will  represent 

*  Wben  W  =  thebreakiDg  load,  tbednitetrain/bu  been  calledb;  some  writeis  the 
■odaliu  of  nipdire  of  the  material,  bat  when  W  ig  the  working  load,  it  baa  been  called 
the  worlriiif/  modviiu.  Thia  must  do^  howsrer,  be  confonDded  with  the  Cd^^mnC  or 
madmhu  ttf  jTiplmrt,  6,  audit  la  better  to  rabict  the  eipraasion  to  the  bttter  coefficient. 
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the  alteration  of  length  of  the  intennediate  fibres,  N  S  being 
the  neutral  surface  which  divides  the  section  into  equal  parts  (56). 
The  sum  of  the  horizontal  forces  exerted  by  the  fibres  in  either  the 
upper  or  the  lower  half  of  the  section  is  equal  to  the  product  of  the 
half  section  by  the  mean  unit-strain  of  the  fibres,  and  if/=  the  unit- 
strain  in  the  extreme  fibres,  then  ^  is  the  mean  unit-strain  of  all  the 

fibres,  for  it  equals  the  unit-strain  exerted  by  the  fibres  lying 
mid-way  between  the  neutral  surface  and  either  the  upper  or  the 
lower  edge.  The  total  strain  of  tension  in  the  upper  half  and 
that  of  compression  in  the  lower  half  are,  therefore,  each  equal  to 

-  X  -^,  where  h  and  d  represent  the  breadth  and  depth  of  the  sec- 
tion. Moreover,  since  the  horizontal  elastic  forces  in  the  various 
fibres  are  proportional  to  the  lines  of  shading  in  the  two  triangles 
(9),  the  centres  of  tension  and  compression  (58)  coincide  with 
their  centres  of  gravity,  and  their  distance  apart  therefore  ==  \d. 
Hence,  taking  moments  round  either  centre  of  strain,  we  have  as 
before, 

6 

86.  Solid  sqaare  seml-ylrders  wUh  one  diagonal  Tertlcal — 
Solid  square  yirders  witli  tlie  sides  Tertical  are  1*414  times 
stroDser  tiian  witk  one  diagonal  TertieaL-i-If  one  diagonal  is 
vertical,  we  have  from  eqs.  47  and  61, 

Vic 

where  /  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 

If,  however,  /  =  the  unit-strain  in  the  extreme  fibres,  c  =  — ^, 
and  we  have, 

Comparing  eqs.  62  and  63,  we  find  that  the  transverse  strength  of 
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8*5 
a  solid  square  girder  with  the  sides  vertical  =-^=  1*414  times  the 

strength  of  the  same  girder  with  the  diagonal  vertical.* 
The  strength  of  square  semi-girders  in  the  direction  of  their 
PSg.  82.  diagonals  may  be  investigated  in  a  different 

manner  as  follows.  Let  Fig.  32  represent 
a  cross  section  of  the  girder,  and  let  the 
line  AB  represent  the  shearing  force  acting 
downwards.  We  may  conceive  this  replaced 
by  its  components  A  C  and  A  D  parallel  to 
the  sides  of  the  girder.    Since  the  section 

is  square,  each  component  will  equal — ==. 

Now  the  force  AC  will  produce  tension  in  the  side  parallel  to 
A  D,  and  the  force  A  D  will  produce  tension  in  the  side  parallel  to 
AC;  the  comer  will  therefore  sustain  twice  the  strain  that  either 
component  alone  would  produce,  that  is,  it  will  sustain  a  strain 

2AB 

which  would  be  produced  by  a  force  equal  to  ~7=^>  =   1'414  A  B, 

acting  in  the  direction  of  one  side,  which  result  agrees  with  that 

already  obtained. 

89.  llectaBffiiiar  ylrder  of  naxIniaBi  strenytk  eat  oat  of  a 
fjlhidrr — ^It  is  sometimes  required  to  cut  a  rectangular  girder  of 
maodmnm  strength  out  of  round  timber. 

Liet  D  sr  the  diameter  of  the  log, 

b  =  the  breadth  of  the  girder  of 

maximum  strength, 
(2  =  its  depth. 
From  eq.62,  the  strength  of  a  rectangular 
girder  is  maximum  when  bcP  is  maximum, 
or,  since  d*  =  D*  —  b\  when  6  D*  —  6*  is 
maximum.  Equating  the  differential  co- 
efficient of  this  quantity  to  cipher,  we  have 

*  Bwio^B  ezperimeiiti  on  battens  of  dm,  Mh  and  beeoh,  2  inchee  iqu«re  and  80  ^ 
loBi^  do  not  coRobonite  the  theoiy  In  the  text,  for  the  strength  of  the  ehn  was  the 
■me  whether  fixed  erect  or  diagonall j,  whereas  it  was  found  that  ash  and  beech  were 
botfi  a  Utile  weaker  in  the  latter  podtion.--^reiipao/ if a<mci29,  p.  148. 

F 


Fig.  88. 
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from  which  we  derive  the  following  rule.  Erect  a  perpendicular,  p^ 
at  one-third  of  the  length  of  the  diameter,  and  from  the  point  where 
this  perpendicular  intersects  the  circumference  draw  two  lines,  b 

and  dy  to  the  extremities  of  the  diameter ;  then  b^  =  -^  D*  * 

o 

88.  Solid  rovnd  seml-fflrdcrs. 

Let  r  =  the  radius. 

From  eqs.  48  and  61, 

where/  =  the  unitrstrain  in  fibres  whose  distance  from  the  neutral 
axis  z=  e. 
If,  however,  /  =  the  unit-strain  in  the  extreme  fibres,  e  =  r,  and 

W=:?^  (64) 

89.  Solid  sqiiAre  ylrdeni  are  1*V  ttaen  a«  strony  a«  the 
Inseribed  circle^  and  0*6  times  a«  stroaff  a«  the  elrevaiserihed 

eircie. — Comparing  eqs.  62  and  64,  we  find  that  the  strength  of  a 
solid  square  girder  is  1'7  times  that  of  the  solid  inscribed  cylinder, 

whereas  its  strength  is  only  ^^j^  ^  ^'^  times  that  of  the  solid  cir- 
cumscribed cylinder.f 

90.  Hollow  rovnd  seml-c^lrdeni  of  valfhrai  thlckaesa. 

Let  r   =  the  external  radius, 
r,  =  the  internal  radius. 
From  eqs.  49  and  61, 

WZ  =^(r^— r/) 
4c 

where/  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 

axis  =  e. 

*  Fuelidf  Book  vi. ;  Cor.,  prop.  S. 

t  In  Barlow's  experimentB  on  yeiy  fine  ipedmens  of  Chiistiaoa  deal,  the  breakmg 
weight  of  girdere  4  feet  long  and  2  inches  square,  supported  at  the  ends  and  loaded  in 
the  middle^  was  1,116  lbs.  The  brealdng  weight  of  roond  girders  of  the  same  length 
and  2  inches  in  diameter  was  772  lbs.  The  ratio  of  these  breaking  weights  =  1*45,  not 
1*7,  whidi  the  theoiy  in  the  text  gives. — Borlcw,  p.  142. 
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If 9  however,/  =  the  anit-Btrain  in  the  extreme  fibres,  <;  =  r,  and 

W=^(r*-r/)  (65) 

If,  moreover,  the  thickness  of  the  tube  be  small  compared  with 
the  radiuSy  we  have  from  eqs.  50  and  61, 

W  =?^^  (66) 

where  t  represents  the  thickness  of  the  tube. 

Ex.  A  tabular  cnuie  post  of  plate  iron  ib  11  feet  high  and  2*4  feet  diameter  at  the 
base.  The  load  on  the  crane  produces  a  bending-strain  eqxdvalent  to  20  tons  acting  at 
light  angles  to  the  top  of  the  post ;  what  should  be  the  thickness  of  the  plating  at  the 
base  in  order  that  the  inch-strain  may  not  exceed  8  tons  t 

Here,  W  =  20  tons, 
2  :=  11  feet, 
r  =  1-2  feet, 
/  =  8  tons  per  square  inch. 

Antwer  (eq.  66).  t  g^=  ^,,,,  J^  ^11^   ,  ov*  =  1*85 inches. 
^^      '         wfi*       8*1416  X  8  X  12  X  (l^)* 

91  •  Centre  of  solid  ronnd  irlrdem  nearly  useless, — The 

centre  or  core  of  a  cylindrical  girder  may  be  removed  without 
sensibly  diminishing  its  transverse  strength ;  for  it  appears,  from  eqs. 
64  and  65,  that  the  strengths  of  two  cylinders  of  equal  diameters, 

one  solid  and  the  other  hollow,  are  as  -j r « in  which  r  and  r,  are 

r* — r/ 

the  external  and  internal  radii ;  let  r  =  nr^,  then  the  ratio  becomes 
—g — -;  if,  for  example,  n  =:  2,  the  loss  of  strength  in  the  hollow 

cylinder  amounts  to  only  ^th  of  that  of  the  solid  cylinder  while 
the  saving  of  material  amounts  to  ^th.  For  this,  among  other 
reasons,  cylindrical  castings,  such  as  crane  posts,  should  be  made 
hollow. 

M.  Hollow  and  soUd  cylinders  of  eqnal  welyht. — It  may 
also  be  shown  that  the  transverse  strength  of  a  thin  hollow  cylinder 
is  to  that  of  a  solid  cylinder  of  equal  weight  as  the  diameter  of  the 
former  is  to  the  radius  of  the  latter^    By  eqs.  66  and  64,  the  ratio 

of  the  strength  of  a  hollow  to  that  of  a  solid  cylinder  =  — ^,  in 


••i 
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which  r  and  t  represent  the  radius  and  thickness  of  the  hollow 
cylinder,  and  r,  represents  the  radius  of  the  solid  cylinder  ; 
since  by  hypothesis  the  two  cylinders  are  of  equal  weight,  we  have 
2rt  =  Ti' ;  whence,  by  substitution,  the  ratio  of  strength  becomes 

2r  . 

— ,  that  is,  as  the  diameter  of  the  hollow  cylinder  is  to  the  radius  of 

^1 

the  solid  cylinder. 
98«  Solid  elUptie  seml-virdem. 

Let  b  =  the  horizontal  semi-axis, 
d  =  the  vertical  semi-axis. 
From  eqs.  51  and  61,  we  have, 

where/  =  the  unitrstrain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 

If,  however,  /  =  the  anit-strain  in  the  extreme  fibres,  c  =  £?,  and 

W  =:^  (67) 

04,  Hollow  elllptle  seml-^rdero. 

Let  b   =  the  external  horizontal  semi-axis, 

bi  =  the  internal  horizontal  semi-axis, 
d   =  the  external  vertical  semi-axis, 
di  =  the  internal  vertical  semi-axis. 
From  eqs.  52  and  61  we  have 

WZ  =  ^{bd^—l,d,^) 
%o 

where  f  =  the  unit-stndn  at  the  distance  c  from  the  neutral 

axis. 

If,  however,  /  =  the  unit-stnun  in  the  extreme  fibres,  o  =  </, 

and 

W  =  g^^  {bd*-bA*)  (68) 

If,  moreover,  the  thickness  of  the  tube  is  small  compared  with 
the  shorter  axis,  we  have  from  eqs.  53  and  61, 

W  =  ^^(36-fd)  (69) 

where  t  =  the  thickness  of  the  tube. 
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95.  Flanged  fleml-irlrder  or  reetanirQlar  tube,  UMtaag  the 
well  Into  aecout. 

Let  a,  =  the  net  area  of  the  top  flange, 
a,  =  the  area  of  the  bottom  flange, 
a,  =  the  area  of  the  web  above  the  neutral  axis, 
a^  =  the  area  of  the  web  below  the  neutral  axis, 
A I  =  the  distance  of  the  top  flange  above  the  neutral  axis, 
A,  =  the  distance  of  the  bottom  flange  below  the  neutral  axis, 
J  =z  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 
From  eqs.  (56)  and  (61),  we  have 

^  =  c^{(«'  +  !f)'"'  +  (-'  +  ?M  (70) 

96.  Flanged  seml-i^lrder  or  reetoii|nil<^  tube  with  equal 
Oaiii;es« — If  the  flanges  are  equal,  we  have  from  eqs.  57  and  61, 

WZ  =  g  (6a  +  a') 

where  d  =  the  depth  of  web, 

a  =  the  area  of  either  flange, 
of  =  the  area  of  the  web, 

/  =  the  unit-strain  in  fibres  whose  distance  from  the 
neutral  axis  =  e. 

» 

If/  =  the  unit-strain  in  either  flange,  c  =  -,  and  we  have 

In  the  case  of  a  rectangular  tube  with  equal  flanges,  the  following 
equation,  derived  from  eqs.  58  and  61,  may  be  used  instead  of 
eq.  71, 

W  =  -^^  (bd^-bA')  (72) 

where  b   =  the  external  breadth, 
&i  =  the  internal  breadth, 
d   =r  the  external  depth, 
di  =  the  internal  depth, 
/  =  the  unit-strain  in  the  extreme  fibres,  in  wrhich  case 

d 

2 
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97*  ilqaar«  tubes  wttlt  Tertlcal  sides. — If  the  tube  b  square 
with  vertical  sides  of  uniform  thickness,  we  have  from  eq.  72, 

W  =  ^  (b*-b,*)  (73) 

If,  moreover,  the  thickness  of  the  tube  is  small  compared  with  its 
breadth,  we  have  from  eqs.  60  and  61, 

W  =  4^*  (74) 

where  t  =  the  thickness  of  the  side  of  the  tube. 

9§*  Squjure  tabes  wttb  diagonal  Tertleal — Square  tvbes 
of  nnifona  thlekness  with  Tertleal  sides  are  1*414  times 
stronger  tban  with  one  dlaf^aal  TertleaL — If  one  diagonal 
of  the  square  tube  is  vertical,  the  sides  being  of  equal  thickness,  we 
have  from  eqs.  59  and  61, 

where  /  =  the  unit-stndn  at  the  distance  c  from  the  neutral 
axis. 

Iff  =  the  unit-strain  in  the  extreme  fibre,  c  =  -^,  and  we  have 

If,  moreover,  the  thickness  of  the  tube  is  small  compared  with  its 
breadth,  we  have  from  eqs.  60  and  61, 

W  =  :?^*  (76) 

where  t  =  the  thickness  of  the  side  of  the  tube. 

Comparing  eqs.  73  and  75,  we  find  that  the  strength  of  a  square 
tube  of  uniform  thickness,  with  the  sides  vertical,  equals  1'414  times 
the  strength  of  the  same  tube  with  the  diagonal  vertical. 

99.  Square  tabes  of  nnifbrai  thlekness  with  Tertleal  sides 
are  1*V  times  as  stroay  as  the  laserlbed  elrele  of  equal 
thlekness^  and  0'§5  times  as  strongr  as  the  elrcnmserlbed 
elrele  of  equal  thlekness — Square  and  round  tubes  of  equal 
thlekness   and   welf^ht   are   of  nearly   equal    strength. — 

Comparing  eqs.  74  and  66,  we  find  that  the  strength  of  a  square 
tube  with  vertical  sides  is  to  that  of  a  round  tube  of  equal  thickness 
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and  whose  diameter  equals  the  side  of  the  square  (inscribed  circle) 

16 
as  —3  =r  1'7 ;  whereas  the  strength  of  the  square  tube  with  verti- 
cal sides  is  to  that  of  a  round  tube  of  equal  thickness  but  whose 
diameter  equals  the  diagonal  of  the  square  (circumscribed  circle,)  as 

8 
— -  =  0*85.    It  also  appears  that  the  strength  of  the  circumscribed 

circle  is  twice  that  of  the  inscribed  circle  of  equal  thickness.  If 
square  and  round  tubes  are  of  equal  thickness  and  weight,  their 

peripheries  will  be  equal,  that  is,  4&  =  2Tr,  or  &  =  -r ;  substituting 

this  value  for  i  in  eq.  74,  and  comparing  the  result  with  eq.  66,  we 
find  that  the  relative  strength  of  square  tubes  with  vertical  sides 

and  round  tubes  of  equal  weight  and  thickness  =  -^  =  1*0472,  or 

o 

very  nearly  a  ratio  of  equality,  the  square  tube  being  very  slightly 
stronger  than  the  other.  When  semi-girders  are  subject  to  trans- 
verse strain  in  various  directions  like  crane  posts,  the  round  tube  is 
generally  preferable  to  a  square  tube  of  equal  weight,  as  the  latter 
is  much  weaker  in  the  direction  of  the  diagonals  (99).  Nevertheless, 
rectangular  tubes  of  plate  iron,  with  strong  angle  iron  in  the 
comers,  form  very  efficient  crane  posts. 

190,  Talae  of  well  In  aid  of  the  flaB|re«. — The  strength  of  a 
girder  with  equal  flanges  and  continuous  web,  in  which  full  credit 
is  given  to  the  web  for  the  horizontal  strains  which  it  sustains,  is 
equal  to  the  strength  derived  from  the  flanges  alone  plus  that 
derived  firom  the  web  acting  as  an  independent  rectangular  girder. 
Eqs.  5  and  71  prove  that  a  continuotu  wA^  m  a  girder  with 
flanges  of  equal  area^  does  ikeoretically  cu  mueh  duty  in  aid  of  the 
flanges  as  if  one-sixth  of  the  web  were  added  to  each  flange  and  the 
web  were  made  of  bracing.  In  girders  with  unequal  flanges,  the 
centre  of  gravity,  and  therefore  the  neutral  surface,  is  closer  to  the 
large  flange;  consequently  the  small  flange  will  derive  more  benefit 
from  a  continuous  web  than  the  large  one. 

101  •  PlMi  of  0olld  reeteBirvlMr  seml-glrder  of  ludAirBi 
otreiiirtbj  depth  eommimnt. — From  eq.  62,  the  unit-strain  in  the 
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_iij,^  extreme  fibres  of  a  solid  Tectangular 

:^.     If  the  semi- 

girder  be  of  uniform  strength  (ID), 
/  will  be  constant,  and  consequently 

the  quantity  t-=^,  to  which  /  is  pro- 

portJonal,    will   also    be    constant. 
Hence,  if  the  depth  of  the  f^rder 
be  uniform,  b  will  vary  as  /,  that  is 
the  plan  of  the  girder  will  be  triangular,  Fig.  34. 

lOS.  BleratlOB  of  •olid  rce(«Bt«lar  fl«Ml-clrtf«r  of  ■■Ubrm 
Fig.  SG.— Elevation.  Btnmgth,  krvadth  cxnstut.— If, 

however,  the  breadth  be  uniform, 
<P  will  vary  as  /,  and  if  the  top 
of  the  girder  be  horizontal  the 
bottom  will  be  bounded  by  a  para- 
bola whose  vertex  is  at  W  and  its 
axis  horizontal,  iFig.  35. 

lot.  SoOd  rouBd  Mvl-|lrdcr  of  ■■■()»»  atr^^rtli. — From 
eq.  64,  the  unit-strain  in  the  extreme  fibres  of  a  solid  round  semi- 
4iW 


girder/ = 


Tr»' 


If  its  strength  be 


uniform,  r*  will  vary  as  I,  and  the 
semi-girder  will  be  a  solid  formed  by 
the  revolution  of  a  cubic  par^ola 
round  a  horizontal  axis,  Fig.  36 .  The 
beak  of  an  anvil  is  a  rude  approxi- 
mation to  this  form  of  semi-girder. 
104.  BoUow  round  Menl-vlrdcr  of  ■■Ubrs  •trrag:tli. — 
From  eq.  66,  the  onit-stnuo  in  the  extreme  fibres  of  a  thin  round 

tube/=  — |-.     If  its  strength  be  uniform,  /  will  be  constant 

and  r't  will  vary  as  I.  When  the  thickness  is  constant,  r*  will 
vary  as  I,  and  a  hollow  semi-girder,  formed  by  the  revolution  of 
a  parabola  round  a  horizontal  axis,  will  result.     This,  for  instance, 
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ia  the  theoretic  form  for  a  hollow  crane  post  of  plate  iron ;  the  dr- 
cmnBCiibing  cone,  howerer,  is  preferable  in  practice,  aa  it  i«  more 
etnly  constructed. 


CASE  II. — 8ESU-GIBDEB8  LOADED   UNIFOIUII.T. 


!•>.  Let  I  =  the  distance  of  anj-  cross  section,  A  B,  from  the 
extremity  of  the  girder, 
w  =  the  load  per  linear  nnit, 
W  =  uZ  =  the  som  of  the  weights  resting  on  Afi, 
M  =  the  moment  of  resistance  of  the  section  AB. 
The  forces  which  keep  ABC  in  equilibrium  are  the  waghts 
nnifonnly  distributed  along  AC,  the  shearing-strain  at  AB,  luid 
the  horizontal  elastic  forces  developed  in  the  same  section.    Taking 
the  moments  of  all  these  forces  rounj  the  neutral  axis  of  the  section 
AB,  and  recollecting  that  the  sum  of  the  bending  moments  of  the 
separate  weights  is  equivalent  to  the  moment  of  a  single  weight 
equal  to  their  sum  and  placed  at  th^  centre  of  gravity  (II),  we 
have  («9), 

wi=!^  =  M  (77) 

106.  B«IM  reetaMKBlar  sead<clr«cr«.— From  eqs.  46  and  77, 
we  have 

W  =-^  (78) 

in  whidi  b  and  d  represent  the  breadth  and  depth  of  the  girder,  and 
/=  the  unit-strain  in  the  outer  fibres  at  top  and  bottom,  in  which 
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109.  doUd  round  Benil-fflrdeni.— From  eqs.  48  and  77^ 

where  r  =  the  radius,  and  /  =  the  unit-strain  in  the  extreme  fibres 
at  top  and  bottom,  in  which  case  e  =  r. 

108.  HoUow  roud  semi-irlrdcn  of  VBiform  thlekneM. — 

From  eqs.  49  and  77, 

W  =  g(r*-V)       .  (80) 

in  which  r  represents  the  external,  and  r^  the  internal  radius,  and 
/  =  the  unit-strain  in  the  extreme  fibres  at  top  and  bottom.  If» 
moreover,  the  thickness,  t,  is  inconsiderable  compared  with  the 
radius,  we  have  from  eqs.  50  and  77, 

W  =  ?^*  (81) 

V 

109.  Flanyed  semi-irirderfl  or  rcotaMTviMr  tvbesj  tokiny 
the  well  Into  aeeoont. — From  eqs.  56  and  77, 

where  a^  =  the  net  area  of  the  top  flange, 
a,  =  the  area  of  the  bottom  flange, 
a,  =  the  area  of  the  web  above  the  neutral  axis, 
a^  =z  the  area  of  the  web  below  the  neutral  axb, 
Aj  =  the  distance  of  the  top  flange  above  the  neutral  axis, 
A,  =  the  dbtance  of  the  bottom  flange  below  the  neutral  axis, 
/  =  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
axis  =  c. 

If  the  flanges  are  equal  and  if/  z=  the  unit-strain  in  either  flange, 
in  which  case  e  =  ^,  we  have  from  eqs.  57  and  77, 

W  =  ?f (a  +  i')  (83) 

where  a  =  the  area  of  either  flange, 
a'  =  the  area  of  the  web, 
d  =  the  depth  of  the  web. 

110.  Plan  or  Aolld  reetnnvolar  senl-tlrder  of  nnlfto 
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■fauiaih,  «icptk  cuMtaat. — From  eq.  78,  the  imit-«tnuo  in  the 
oater  fibres  of  a  aolid  rectangular  eemi-girder  loaded  uniformly, 

t—  ^^ 
•'  ~  ~hd* 

m  which  to  represents  the  load  on  the  unit  of  length,  =  -^. 

When  the  strength  of  the  girder  is  aniftHin  throughout  its  whole 

Kg.  SS^PI...  j^^j^  ^^^^^  ^^^  quantity  ^,    to 

which /is  proportional,  is  constant, 
and,  if  (I  be  uniform,  h  will  vary  as 
P,  and  the  plan  of  the  girder  will, 
if  symmetrical,  be  bounded  by  two 
parabolas  whose  common  vertex  is 
at  A  with  the  axis  vertical.  Fig. 
38. 
111.  KlerattoB  «r  ssOd  rectsavalar  scHl-clrdcr  af  aalfbim 

•treag^lB,  breadth  coastaat. — If,  however,  the  breadth  be  uni- 

fonn,  d  will  vary  as  /,  and  the  elevation  of  the  ^rder  will  be 

triangular. 
lU.  Balld  roaad  scml-cirdcr  af  aalfbrB  atreaKth. — From 

eq.  79,  the  unlt-atrain  in  the  extreme  fibres  of  a  solid  round  semi- 

girder  loaded  uniformly, 

^-    T^ 
If  the  strength  be  uniform,  r*  will  vary  as  ?,  and  the  aemi-girder 
will  be  a  sdid  formed  by  the  revolution  of  a  semi-cubic  parabola 
round  a  horizontal  axis. 

US.  H^Uaw  raoad  aeaU^ilrdcr  af  aaUtorai  atraqrtb. — From 
eq.  81,  the  unit-stnun  in  the  extreme  fibres  of  a  thin  round  tube, 

If  the  strength  be  uniform,  rH  will  Vary  as  P.     Hence,  if  t  be 
constant,  r  will  vary  as  I,  and  the  tube  will  be  conical. 

The  strength  of  semi-girders  of  other  sections  loaded  uniformly 
may  be  obttuned  by  multiplying  the  corresponding  values  of  W  in 
the  previous  case  by  2. 
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CASE   III. — OIRDEBB   SnPPOBTED   AT   BOTH    ENDS   AND   LOADED 

AT  AN  INTERMEDIATE  POINT. 

Fig.  S9. 


114.  Let  W  =  the  weight,  dividing  the  girder  into  segmenta 

coDtiuiuDg  reBpectivetf  m  and  n  linear  units, 
/  =  m  -)-  n  =  the  length  of  the  ^rder, 
X  =:  the  distance  of  any  cross  section  A  B  from  that 

end  of  the  girder  which  is  remote  &om  W, 
M  =  the  moment  of  re^stance  of  the  section  A  B. 
On  the  pritKuple  of  the  lever,  the  reaction  of  the  left  abutment  = 
J  W,  and  the  segment  A  B  C  b  held  in  equilibrium  by  this  reaction, 
the  shearing-strain  at  A  B,  and  the  horizontal  elastic  forces  developed 
in  the  same  secUon.  Taking  the  moments  of  all  these  forces  round 
the  neutral  ajua  of  the  section  A  B,  we  have  (511), 

^  W  «  =  M  (84) 

When  /  =  the  unit-strain  in  the  extreme  fibres  at  top  or  bottom, 

e  =  the  distance  of  the  top  or  bottom  from  the  neutral  axis,  and  we 

have  the  following  expressions  for  the  strength  of  each  class  of  ^rder. 

115.  SoHd  recteBsolBr  slrAen. — 

Let  i  =  the  breadth, 
d  =  the  depth. 
From  eqs.  46  and  84, 

If  both  the  weight  and  ciobb  section  are  at  the  centre  of  the  girder, 


-,  and 


W=?|?  (86) 
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lift.  SolM  romd  ylrdenk — ^From  eqs.  48  and  84, 

W  =  ^  (87) 

in  which  r  =r  the  radius. 
If  both  the  weight  and  cross  section  are  at  the  centre, 

W  =  5^  (88) 


119.  Hollow  rowUI  girders  of  millbrm  thlekiieML — ^From 
eqs.  49  and  84, 

where  r  and  r|  represent  the  external  and  internal  radii. 
If  both  the  weight  and  cross  section  are  at  the  centre, 

W  =  ^(r«-V)  (90) 

If  the  thickness,  t^  is  inconsiderable  compared  with  the  radius,  we 
haye  from  eqs.  50  and  84, 

W  =  ^l^  (91) 

If,  moreoTer,  the  weight  and  cross  section  are  at  the  centre, 

W  =  ^^  (92) 

V 

Si.  a  cylindrical  tube  of  riveted  bmler-plate,  0*095  inch  tldok,  27  feet  long  between 
tappeftitf  24*2  indiee  diameter,  and  weighing  0*4295  tons,  was  torn  through  a  riveted 
jdnthithebottombyaweightof  4*857  tons  at  the  centre  (Clark,  p.  92).  What  was 
the  tearing-strain  per  aqnare  inch  in  the  bottom  plate  t 

Here,    W  =  4*857  +  0*21475  =  5072  tons, 
/  =  27  feet, 
r  =s  12*1  inch, 
t  =  0095  inch. 

/      Am   ^      WZ               5*072X27X12 
Amwtr  (eq.  92).  /=  j^.  = i =  9*4  tons. 

4  X  8-1416  X  i2T| X 0095 

118.  Fbui^ed  ylrderg  or  reeteBirQlar  tiilie«j  taktny  the  well 
iato  oeeomt. — From  eqs.  56  and  84, 
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where  a^  =  the  area  of  the  upper  flange, 

O)  =  the  net  area  of  the  lower  flange, 

a,  =  the  area  of  the  web  above  the  neutral  axis, 

a^  =  the  area  of  the  web  below  the  neutral  axis, 

A|  =  the  height  of  the  web  above  the  neutral  axis, 

A,  =  the  height  of  the  web  below  the  neutral  axis, 

/=  the  unit-strain  in  fibres  whose  distance  from  the  neutral 
=  c. 


Ex.  Wbat  IB  the  imit-Btrain  of  oompreaaioii  in  the  upper  flange  at  the  centre  of  the 
girder  described  in  Ex.  2  (SS),  sapposing  the  web  taken  into  account?  From  a 
full-sized  caid-board  section  of  the  girder  it  appears  that  the  centre  of  gravity,  that 
is,  the  neutral  axis  of  the  section,  (68),  is  8*57  inches  bebw  the  intersection  of  the 
upper  flange  with  the  web^  and  we  have, 

Gi  =  0*72  square  inches, 
Oj  =  4*4  square  inches, 
a,  s  8*67  X  '266  =  *95  square  inches, 
a^  =  0*586  X  *266  =  *156  square  inches, 
A,  =  8*57  inches, 
A,  =s  0*585  inches, 
e  s  8*57  inches, 
2  =  57  inches. 


W  =  18  tons  at  the  centre. 


n^x:n^ 


TroBi eq. 98.,    18  tons  =  ^:^^  {  (  72  +  ^) X(8'57*)+  (  44  +  *-^) X(-586) } 

Solving  this  equation  for  the  unit-strain  iji  the  oompression  flaoge,  we  have, 

Antwer.    /'=  81*6  tons  per  square  inch. 
Comparing  this  with  Ex.  2  (SS),  we  see  that  taking  the  web  into  account  has 
reduced  the  inch'Strain  in  the  oompression  flange  from  69*5  to  81*5  tons,  or  8  tons 
per  square  inch. 

If  the  flanges  are  equal  and/  =  the  unit-strain  in  either  flange,  we 
have  from  eqs.  57  and  84, 

in  which  a  =  the  area  of  either  flange, 

a'  =  the  area  of  the  web, 

d  =  the  depth  from  centre  to  centre  of  flange. 
If,  moreover,  the  weight  and  cross  section  are  at  the  centre. 


W 


=f(«+|')  m 
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1]«.  rta»  er  MHd  rert— fUr  iclrdcr  tf  BBlltem  gtrtmgth, 
deptt  eaHstwit. — From  eq.  85,  the  omt-etnun  in  the  extreme 
fibres  of  a  solid  rectangular  girder, 

•'-  WV 

Wbeo  the  strength  of  the  girder  \b  uniform,  the  quaotitj  ^,  to 

Tiff-  «  — PlM.  which  /  is  proportional, 

will  be  constant.     Hence, 

if  the  depth,  d,  is  uniform, 

b  will  vary  as  x,  and  the 

plan  of  the  girder  will  be 

two  triangles  joinedat  their 

bases,  Fig.  40. 

ISO.    BMmvmtiom   »T  ««Ud  nvtmngmUtr  gtrttr  of  nnlftov 

Ktnmgth,  breadth  vommtmmt. — If,  however,  the  breadth  be  um- 

Flg.  *i.— KIe™iion.  form,  d*  will  vary  as  «, 

and  if  the  top  of  the 

girder  is  horizontal,  the 

bottom  will  be  bounded 

by  two  parabolas  whit^ 

intersect  underneath  the  weight,  with  horizontal  axes  and  their 

verticee  at  the  extremities  of  the  ^rder.  Fig.  41. 

in.    atOM  roaad  Birdcr  of  utllbrv  rtrcMth.— From  eq.  87, 
the  nnit-stnun  in  the  extreme  fibres  of  a  solid  round  girder, 
,_  4m;W 

If  the  strength  be  unifbrra,  r*  will  vary  as  x,  and  the  g^er  will 
be  formed  by  two  spindles  joined  at  their  base,  each  spindle  bdng 
prodoced  by  the  rerolntioa  of  a  cubic  parabola  roimd  its  axis. 

im.  ■oOsw  r«wHl  girder  off  KaUtaia  atreniA. — From  eq. 
91,  the  nnit-strun  in  the  extreme  fibres  of  a  thin  hollow  cylinder, 
.      twrW 


In  a  girder  of  uniform  strength,  the  quantity  ^,   to  which  /  is 
[voportional,  will  be  constant;  hence,  if  t  be  uniform,  r*  will  vary 
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as  x,  and  the  girder  will  be  fonned  hj  two  hollow  spindles  joined 
at  their  bases,  each  spindle  being  generated  by  the  revolution  of 
ft  parabola  round  its  axis.  This,  for  instance,  is  the  form  which 
the  hollow  axis  of  a  transit  instrument  should  theoretically  have, 
though  a  double  cone  is  preferred  in  practice  from  its  greater  facility 
of  construction. 

Its.  (Toaeeatrated  rolUas  load,  plan  af  salld  rcetaaralar 
ylrder  of  aaUtonM  strcaith  wbea  tbe  depth  U  eoaatant — 
BlevaUoa  or  BaMe  whea  the  hreadth  Is  eoBstaat.— If  W  be 
a  single  moving  load,  the  maximum  stnun  at  each  point  will  occur 
as  the  load  passes  that  point,  for  x  attains  its  greatest  value  when 
it  equals  m;  hence,  from  eq.  85,  the  unit-etrun  in  the  extreme 
fibres  of  the  section  where  the  weight  occurs, 

If  the  strength  of  the  girder  be  uniform,  ^  will  be  a  constant 

quantity,  and  if  <2  he  uniform,  h  will  vary  as  the  rectangle  under  the 
Fig.  i2.—V)*a.  segments;  hence,  the  plan 

of  the  girder,  if  eymmetri- 
cai,  will  be  bounded  by 
two  overlapping  parabolas 
whose  vertices  are  at  A  A, 
Kg.  42.  If,  however,  the 
breadth  be  aniform,  tP  will 

vary  as  mn  and  the  elevation  of  the  girder  will  be  a  semi-ellipse. 

Fig.  43. 

Fig.  IS.— ElantioQ. 


CUAF.   IV.]  QIBDEBS  OF  VARIOITS  6ECTI0NB. 


CASE    IV.— GIBDER8    SUPPOETED   AT   BOTH    ENDS  AND    LOADED 
UHIFOHMLT. 


IZi.    Let  I  =  the  length  of  the  girder, 
u  =  the  load  per  linear  unit, 
Y/  =  u!l  =  the  whole  load, 
m  and  n  =  the  segments  into  which  any  given  croee  section 
A  B  divides  the  girder, 
M  =  the  moment  of  resietanre  of  the  secdon  A  B. 
The  forces  which  hold  A  B  C  in  equilibriaro  are  the  reaction  of 

the  right  abutment,  =  — ,  the  weights  uniformly  distributed  along 

AC,  =  wn,  the  shearing-stnun  at  AB,  and  the  horizontal  elastic 
forces  in  the  same  section.  Taking  the  moments  of  all  these  forces 
round  the  neutral  axis  of  A  B,  we  have  (ff9), 

22?  =  M  (97) 


^  =  M  (98) 

When  /  =  the  unitstrain  in  the  extreme  fibres  at  top  or  bottom 
of  the  section,  c  =  the  distance  of  the  top  or  bottom  from  the 
neutral  axis,  and  we  have  the  following  expressions  for  the  strength 
of  each  class  of  girder. 

ISA.   Solid  reetangvlnr  ifrdm. 

Let  b  =  the  breadth, 

d  =  the  depth. 
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From  eqs.  46  and  98, 


W  z=  &^  (99) 

omn 

If  the  cross  section  is  at  the  centre,  m'=.n'=z  -^^  and 

W  =  *^  (100) 

Its.  Solid  round  C^lrdenu — ^From  eqs.  48  and  98, 

in  which  r  =  the  radius. 

If  the  section  is  at  the  centre,  m-=i  wsl  -y  and 


W  =  ?^  (102) 

V 


199.  Hollow  round  girder*  of  onlftorm  thickness. 

Let  r  =  the  external  radius, 

r|  =  the  internal  radius. 

« 

From  eqs.  49  and  98, 

At  the  centre  of  the  ^rder  m  =  n  =  ^,  and 

W  =  ^(r*_r/)  (104) 

If  the  thickness,  t,  is  inconsiderable  in  comparison  with  the  radius, 
we  have  from  eqs.  50  and  98, 

W  =  ?^^^^  (105) 

If,  moreover,  the  plane  of  section  is  at  the  centre, 

W  =  ^-p  (106) 

198.  Flanired  girder*  or  reetan^ ular  tubesj  taking  the 
web  Into  aeeoont. — From  eqs.  56  and  98, 
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Where  a,  =  the  area  of  the  upper  flange, 

a,  =  the  net  area  of  the  lower  flange, 
a,  =  the  area  of  the  web  above  the  oentral  axis, 
a^  =  the  area  of  the  web  below  the  neutral  axis, 
A,  s  the  height  of  the  web  above  the  neutral  axis, 
A,  =  the  height  of  the  web  below  the  neutral  axis, 
/  :=  the  unit-strain  in  fibres  whose  distance  &om  the 
neutral  axis  =:  c. 
If  the  flanges  are  equal,  and  if/  =:  the  unit-strun  in  ather  flange, 


W 


_2rf/f 


m  which  a  =  the  area  of  either  flange, 
a'  =  the  area  of  web, 
d  =  the  depth  of  the  web. 

At  the  centre,  t»  :=  n  =  t,  and  eq.  108  becomes 


(«  +  !')  (108) 


W 


=  T("+l)  W 


IM.  FIab  of  MoUd  rcctanvalar  (trdM*  of  udnirm  atrenirlh 
wbea  the  depth  la  €nmmt»»t. — From  eq.  99,  the  unit-strain  in 
the  extreme  fibres  of  a  solid  rectangular  girder, 
SmnW 
^~     bd*t 
When  the  strength  of  the  girder  is  uniform,  and  the  material  conse- 
quently disposed  in  the  most  economical  manner,  the  unit-strain  /  will 

bentuform  (19),  and  the  quantity  7^,  to  wluch  it  b  proportional,  will 
Pig.  411.— piml  be  constant.    Hence,  if 

the  depth,  d,  be  uniform, 
b  will  vary  as  tnn,  and  the 
plan  of  the  prdcr,  if  sym- 
metrical, will  be  formed 
by  the  overlap  of  two 
parabolas  whose  vertices 

■re  at  AA.  Fig.  45. 
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ISO.  Elevation  of  Bolld  reetaBCOlar  girder  oT  BMlfk^vK 

Mtrenvth  wben  the  breadth  !■  eenatMit.  —  If,  however,  the 

Piv.  4fl.— ElaTftticiD.  breadth  be   uniform,  d* 

will  vary  as  mn,  and  the 

elevatioD  of   the   girder 

will    be    a    semi-ellipse, 

Fig.  46. 

lai.    Uberepiincy  between    experiment*    and    Ibeorr — 

Sbininr  or  nentml  nxis — lionsltndlnal  Htrengtb  of  nutertnls 

derived  rroB  transverse  strains  erroncons, — The    student 

will  natui-allj  conclude  that  the  formulte  investigated  in  the  present 

and  preceding  chapters  should  give  identical,  or  nearly  identical, 

results  when  they  are  applied  to  the  same  girder;  that,  for  instance, 

the  breaking  weight  of  a  solid  rectangular  semi-girder,  calculated 

by  eq.  33,  should  closely  agree  with  its  breaking  weight  calculated 

by  eq.  62 ;  and,  if  our  theory  were  complete,  this  would  no  doubt 

be  the  case.     To  test  its  accuracy,  let  ua  compare  these  two  equa- 

tions,  when  we  obtain  this  result, 

^  =  ^ 

that  is,  the  value  of  S  for  solid  rectangular  ^rders  of  any  given 
material  should  equal  one-sixth  of  the  ultimate  tearing  or  crushing^ 
strength  of  that  material,  according  as  it  yields  by  tearing  or  crush- 
ing. In  many  instances,  however,  this  will  be  found  t«  be  &r 
from  the  truth;  for  example,  the  value  of  S  for  small  rectangular 
bars  of  cast-iron  =  34  tons  (65),  and  6  times  this,  =  20'4  tons,  far 
exceeds  the  tensile  strength  of  ordinary  cast-iron,  which  is  about  7  or 
8  tons  per  square  inch.  It  must,  indeed,  be  confessed  that  the  law 
of  elasticity  ceases  to  be  applicable  when  we  approach  the  limits  of 
rupture;  and  that  the  formute  for  tolid  girders  investigated  in  the 
present  chapter  give  thmr  breaking  weight  much  under  what  it  really 
is  for  many  materials,  and  this  discrepancy  will  probably  be  found 
more  marked  in  those  whose  ultimate  tearing  strain  differs  widely 
from  their  ultimate  crushing  strain.  Greater  con6denc«,  however, 
noay  be  placed  in  the  formuls  relating  to  hollow  and  flanged  ^rders. 
Mr.  Hodgkioson  endeavours  to  explain  this  discrepancy  by  a 
change  in  the  position  of  the  neutral  axis  as  soon  as  the  limit  of  elastic 
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reaction  of  the  horizontal  fibres  has  been  passed,  and  gives  some 
reasons  for  this  hypothesis  derived  from  experiments  on  cast-iron, 
in  his  Experimental  researches  on  the  strength  of  Cast-iron^  p.  384. 
This  seems  a  plausible  hypothesis,  for  if  the  neutral  axis  of  a  solid 
rectangular  cast-iron  girder  approach  its  compressed  edge  as  the 
weight  increases,  and  after  the  limit  of  tensile  elasticity  has  been 
passed  by  the  fibres  along  the  extended  edge,  we  shall  have  a  larger 
proportion  than  one-half  the  girder  subject  to  tension,  and  conse- 
quently the  total  horizontal  tensile  strain  may  exceed  that  derived 
from  our  theory,  which  assumes  that  the  neutral  axis  always  passes 
through  the  centre  of  gravity  of  the  cross  section  (6§).  Mr. 
Hodgkinson  concludes  from  his  experiments  that  the  neutral  axis 
of  a  rectangular  girder  of  cast-iron  divides  the  depth  in  the  pro- 
portion of  ^  or  ^  at  the  time  of  fracture,  that  is,  that  the  compressed 
section  is  to  the  extended  section  nearly  in  the  inverse  proportion 
of  the  compressive  to  the  tensile  strength  of  the  material.  This 
view  is  corroborated  by  experiments  made  by  Duhamel,*  who  found 
that  sawing  through  the  middle  of  small  timber  girders  to  |ths  of 
their  depth  from  the  upper  or  compression  surface,  and  inserting  a 
thin  hardwood  wedge  in  the  gap,  did  not  diminish  their  ultimate 
strength,  and  also  by  similar  ex{>eriments  made  by  the  elder 
Barlow,t  which  seem  to  indicate  that  the  neutral  axis  in  rectangular 
girders  of  timber  is  very  nearly  at  f  ths  of  the  depth,  and  in  rec- 
tangular bars  of  wrought-iron  at  about  ^th  of  the  depth  from  the 
compressed  surface  at  the  time  of  fracture. 

Mr.  W.  H.  Barlow,  however,  controverts  Mr.  Hodgkinson's 
conclusions  in  two  papers  which  will  be  found  at  page  225  of  the 
Philosophical  Transactions  for  1855,  and  at  page  463  of  the 
Transactions  for  1857.  In  the  former  of  these  papers  Mr.  Barlow 
gives  the  results  of  micrometrical  measurements  on  two  cast-iron 
rectangular  girders,  each  7  feet  long,  6  inches  deep  and  2  inches 
thick,  which  he  subjected  to  transverse  strain ;  his  inferenc^  ^^^s 
these  experiments  is  that  the  neutral  axis  does  not  shift  'o*®  system 
and  this  view  seems  in  accordance  with  experiments  *  liirders  whose 
by  Sir  D.  Brewster  who  transmitted  polarized  ligb»l  triangles,  such 

*  Morin,  p.  120.  f  Strength  of  MaUriaJ 
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rectangular  glass  prder  6  inches  long,  1*5  inch  broad,  and  0*28  inch 
thick ;  when  this  was  bent  by  transverse  pressure,  the  neutral  surikoe 
remained  in  the  centre,  and  colours  due  to  strain  were  developed 
above  and  below  it  in  curved  lines,  which  may  perhaps  idd  the 
physicist  in  investigating  the  strains  in  continuous  webs*  Unless, 
however,  the  tensile  and  compressive  elasticities  of  glass  are 
materially  difierent  near  the  point  of  rupture,  as  they  are  in  cast- 
iron  when  approaching  its  limit  of  tensile  strength,  this  experi- 
ment does  not  throw  much  light  on  the  subject  The  whole 
question,  it  must  be  confessed,  is  one  of  great  difficulty,  and  may 
require  numerous  experiments  before  it  can  be  satisfactorily  solved. 
One  practical  inference,  however,  is  of  great  importance,  namely,  that 
the  tearing  and  crushing  etrengtha  of  materials  derived  from  experi- 
ments on  the  transverse  strength  of  solid  girders  are  often  erroneous j 
and  have  even  led  astray  men  of  such  capacity  as  Tredgold. 

1S9.    Traii0¥ersc  «treii||^li  of  thick  eadtinss  mveli  less 

than  that  of  thin  eaatlns«* — In   some  experiments   made  by 

Captain  (now  Colonel  Sir  Henry)  James,  as  a  member  of  the 

Boyal  Commission  for  inquiring  into  the  application  of  iron  to 

railway  structures,  it  was  found  that  the  central  part  of  bars  of 

iron  planed  was  much  weaker  to  bear  a  transverse  strain  than  bars 

cast  of  the  same  size.t    He  states  that  ^*  it  was  found  by  planing 

out  I'inch  bars  from  the  centre  of  2-inch  square  and  3-inch  square 

bars,  that  the  central  portion  was  little  more  than  half  the  strength 

of  that  from  an  inch  bar,  the  relation  being  as  7  to  12/'    In  page 

111  of  the  same  report,  Mr.  Hodgkinson  showed  that  rectangular 

bars  of  cast-iron,  cast  1,  2,  and  3  inches  square,  laid  upon  supports 

4^  feet,  9  feet,  and  13^  feet  asunder,  were  broken  by  weights  of 

447  ft>s.,   1394  ibs.,  and  3043  lbs.  respectively.     These  ^weights, 

divided  by  the  squares  of  the  lengths,  should  give  equal  results ;  the 

quotients,  however,  were  as  447,  349,  and  338  respectively.    Mr. 

Hl^^S'^^'^^^^  attributed  this  falling  off  and  deviation  from  theory 

partly  i(A  the  defect  of  elasticity,  which  he  had  always  found  in 

cast-iron,  bu^t  principally  to  the  superior  hardness  of  the  smaller 

castings,  t 

*  Encjfd.  Metrop ,  Ax  -t.  Light  par.  109a        f  Iron  Report^  1849,  App.  B.,  p.  250. 

;  Phil,  TroM.,  1867,  p.  867. 
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CHAPTER  V. 

GIBDES8  WITH  PABALLBL  FLANGES  AND  WEBB  FOBHED 
OF  ISOSCELES  BRACINQ. 

lU.  OlU^ci  «r  hrnclBr* — The  primary  object  of  bndng  is  to 
convert  trutsverse  atruna  into  otherg  which  act  in  the  direction  of  the 
length  of  the  material  employed  and  tend  dther  to  shorten  or  ext«nd 
it,  according  as  the  material  performs  the  funcdon  of  a  etrut  or  tie. 
This  object  is  attained  by  divitUng  the  structare  into  one  or  more 
triangles ;  for  ranee  the  triangle,  or  eome  modification  of  it,  is  the 
only  geometric  figure  which  posaesses  the  property  of  preserving  its 
form  unaltered  so  long  as  the  lengths  of  its  sides  remain  constant, 
it  is,  therefore,  that  which  is  best  adapted  for  structures  in  which 
rigidity  is  essential  for  stability.  Hence,  three  pieces  at  least  are 
required  to  constitute  a  braced  Btructure.  Take,  for  instance,  the 
common  roof  truss  which  is  an  example  of  one  of  the  simplest 
fonns  of  biacing.  Fig.  47.  The  weight  W  is  transmitted  through 
Kg-  *7.  a  ptur  of  struts  S  and  S', 

to  the  walls.  As,  how- 
ever, the  oblique  thrust  of 
the  struts  would  tend  to 
overthrow  the  walls,  it  is 
necessary  to  connect  their 
feet  by  a  tie-beam  T. 
The  stmins  in  the  different  parts  may  be  derived  from  the  principle 
enunciated  in  9. 

The  class  of  girders  which  I  purpose  investigating  in  tlus  chapter 
is  that  in  which  the  flanges  are  parallel  and  connected  by  diagonals 
which  form  one  or  more  systems  of  ieoseeUt  triangles.  This  class 
of  bradng  includes  girders  whose  web  consists  of  a  single  system 
of  triangles,  such  as  "  Warren's"  girder,  as  well  as  girders  whose 
web  consists  of  two  or  more  systems  of  equal-sided  triangles,  such 
as  isosceles  "  Lattice"  girders. 
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Definitions, 

1S4.  Brace. — The  term  Brace  includes  both  struts  and. ties. 

IM.  Apex. — The  intersection  of  a  brace  with  either  flange  is 
called  an  Apex, 

ISO.  Bay. — The  portion  of  a  flange  between  two  adjacent  apices 
is  called  a  Bay, 

\Z7.  C^oimterbraced  brace. — A  brace  is  said  to  be  counterbraced 
when  it  is  capable  of  acting  either  as  a  strut  or  as  a  tie. 

1S8.  Coaaterbraeed  girder. — ^A  girder  is  said  to  be  counter- 
braced  when  it  is  rendered  capable  of  supporting  a  moving  load. 
This  may  be  effected  either  by  counterbracing  the  existing  braces^ 
or  by  adding  others 

ISO.  Symbohi. — The  symbol  +>  placed  before  a  number  which 
represents  a  strain,  signifies  that  the  stndn  is  compressive;  the 
symbol  — ,  signifies  that  the  strain  is  tensile. 

Axioms. 

140.  The  strain  in  each  brace  or  bay  is  uniform  throughout  its 
length  and  acts  in  the  direction  of  the  length  only.  This  will  be 
obvious  if  we  consider  a  braced  girder  to  be  an  assemblage  or 
framework  of  straight  bars  connected  with  each  other  by  pins 
passing  through  their  extremities  merely. 

141.  A  brace  cannot  undergo  tension  and  compression  simul- 
taneously, 

14S.  If  several  weights^  acting  one  at  a  time,  produce  in  any  brace 
strains  of  the  same  kindy  either  all  tensile  or  all  compressive^  the 
strain  produced  by  all  these  weights  acting  together  vnll  equal  in 
amount  the  sum  of  those  produced  by  each  weight  acting  separately. 

14S.  If  several  weights^  acting  one  at  a  time^  produce  in  any  brace 
strains  of  different  kinds^  some  tensile^  some  compressive^  the  strain 
resulting  from  all  tliese  weights  acting  together  will  equal  the  algebraic 
sum  of  all  the  strains;  in  other  words,  tlieir  resultant  will  equal  the 
difference  between  the  sum  of  the  tensile  and  the  sum  of  the  compressive 
strains. 

144.  ^4  uniformly  distributed  load  may  unthout  sensible  error  be 
assumed  to  be  grouped  itito  weights  resting  on  the  apices,  each  apex 
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supporting  a  weight  equal  to  the  load  resting  on  the  adjoining  half 
bags.  This  view  ie  evidently  correct  if  each  bay  be  connected  with 
the  adjoining  bays  and  diagonals  by  a  single  pin  at  their  iDtersection, 
as  in  "  WarrenV  girder.  In  this  case  each  loaded  bay  is  a  short 
girder  covered  by  a  uniforiu  load,  the  vertical  pressure  of  which  is 
transferred  to  the  adjoining  diagonals.  In  addition  to  the  transverse 
strain,  each  bay  sustains  a  longitudinal  strain  which  it  transmits  to 
the  adjacent  bays,  from  which,  however,  it  derives  no  aid  to  its 
transverse  strength  on  the  prindple  of  continuity.  In  practice,  the 
cross  girders,  on  which  the  flooring  rests,  generally  occur  at  the 
apices,  so  that  no  bay  is  subject  to  transverse  stnun  except  from  its 
own  wdght. 


CASE   1.— SEHt-QIBDERS  LOADED   AT  THE   EXTREHITT. 
Fig.  48. 


14ft,  Weh. — Let  W  =  the  load  at  the  extremity  of  the  girder, 
S  =  the  strun  in  any  diagonal, 
F  =  thestruninany  givenbayofeitherflange, 
n  =  the  number  of  diagonals  between   the 
centre  of  the  given  bay  and  the  weight, 
9  =  the  angle  which  the  diagonals  make  with 
a  vertical  line. 
The  weight  W  is  supported  by  the  first  diagonal  and  the  upper 
flange,  the  former  susttuning  compression,  the  latter  tension.     At  a 
three  forces  meet  and  balance;  namely,  the  weight,  the  horizontal 
tension  of  the  upper  flange  and  the  oblique  thrust  of  diagonal  1 ; 
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their  relative  amounts  may  therefore  be  represented  by  the  sides  of 
the  triangle  abe  (0). .  Hence,  the  tension  in  the  first  bay  of  the 
upper  flange  is  to  W  as  ac  is  to  c6,  that  is,  F  =  Wton9,  and  the 
compression  in  the  first  diagonal  is  to  W  as  a&  is  to  e&,  that  is, 
S  =  W«ec0.  The  tendon  of  o^  is  transmitted  throughout  the  upper 
flange  to  its  connexion  with  the  abutment,  but  the  compression  in 
diagonal  1  is  resolved  at  b  into  its  components  in  the  directions  of 
diagonal  2  and  the  lower  flange,  producing  tension  in  the  former  and 
compression  in  the  latter.  Thus,  there  are  three  forces  in  equilibrium 
meeting  at  6,  and  their  relative  amounts  may  be  represented  to  the 
same  scale  as  before  by  the  sides  of  the  triangle  edh ;  whence,  the 
tension  in  diagonal  2  equals  the  compression  in  diagonal  1,  and 
the  compression  in  the  first  bay  of  the  lower  flange  equals  twice 
the  tension  in  the  first  bay  of  the  upper  flange,  =  2Wtan9. 

In  this  way  it  may  be  shown  that  all  the  diagonals  are  strained 
equally,  but  by  forces  alternately  tensile  and  compressive,  while  the 
flanges  receive  at  each  apex  equal  increments  of  strain  each  equal 
to  2W/an0.  'The  general  formulae  for  the  strain  in  any  diagonal  is 
therlBfore 

2  =  Wwc9  (110) 

Ex.  If  9  =  45%  Kce  =r  1-414,  and  we  hairv  :i  r=  1-414  W.* 

146.  Flanycs. — Since  the  flanges  receive  at  each  apex  successive 
increments  of  strain,  each  equal  to  2Wton0,  the  resultant  strains 
in  the  successive  baysj  being  the  sum  of  these  successive  increments, 
increase  as  they  approach  the  abutment  in  an  arithmetic  progression 
whose  difference  =  2WtonO;  they  are,  therefore,  for  any  given  bay 
proportional  to  the  number  of  diagonals  between  it  and  the  load, 
and  we  have, 

F  =  nWtone  (HI) 

where  n  represents  the  number  of  diagonals  between  the  centre  of 
any  given  bay  and  the  weight  (tO). 

Ex.  In  the  last  bay  of  the  upper  flange  of  Fig.  4S,  n  =  7,  and  if  9  s  45%  tanB  s=  1, 
and  we  have  F  s  7W. 

*  See  the  table  in  Chap.  zi.  for  the  nnmerioal  valuee  of  the  tangents  and  secants  of 
di£Ferent  angles. 
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The  tension  in  the  kst  dia^nal  may  be  resolved  at  g  into  a 
vertical  force  pressmg  downwards  tlirougb  the  abutment,  and  a  hori- 
eonlal  force  tending  to  pull  the  abutment  towards  the  weight.  The 
relative  amounts  of  these  three  forces  may  be  represented  hj  the  sides 
of  the  triangle  fgh ;  whence,  the  vertical  pressure  =  W,  and  the 
horizontal  force  =  WfanS;  the  tatter,  added  to  the  tension  in  the 
last  bay  of  the  upper  flange,  pves  the  total  horizontal  force  exerted 
by  the  upper  flange  to  pull  the  abutment  towards  W.  It  will  bo 
observed  that  the  horizontal  thrust  of  the  lower  flange  agunst  the 
abutment  is  equal  and  opposite  to  the  pull  of  the  upper  flange,  so 
that  they  form  a  couple  whose  tendency  is  to  overturn  the  abutment 
on  its  lower  edge  next  the  weight. 

147.  Strains  !■  hrae«4  wchs  raay  be  4«dac««  Trmm  tbe 
•bcartaK>stralM. — When  the  flanges  are  parallel  and  the  bracing 
coosiats  of  a  single  system  of  triangulaUon,  the  strain  in  any  brace 
is  equal  to  the  shearing-etnun  multiplied  by  lecB.  Hence,  the 
strains  in  the  bracing  might  be  deduced  from  the  shearing-etnun 
in  the  web  calculated  in  the  manner  explained  ia  19.  The  method 
of  the  resolution  of  forces  just  described  is,  however,  better  cal- 
culated to  give  a  correct  perception  of  the  properties  of  diagonal 
bradng,  and  it  baa,  moreover,  the  advantageof  being  applicable  to 
lattice  girders  as  well  as  those  whose  bradng  consists  of  a  single 
^tem  of  triangles. 
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148.  Web. — Let  W  =  the  weight  of  so  much  of  the  load  as 

covers  one  bay,  t.^.,  the  weight  resting 
on  each  apex  of  the  loaded  flange  (144)» 
n  =  the  number  of  these  weights  between 
any  given  diagonal  and  the  outer  end 
of  the  girder, 
2  =  the  strain  in  the  given  diagonal, 
F  =  the  strain  in  any  bay  of  either  flange, 

0  =  the  angle  which  the  diagonals  make  with 
a  vertical  line. 

The  weight  on  the  apex  farthest  from  the  abuiment  equals  — , 

since  it  is  assumed  to  support  the  load  spread  over  the  outer  half  bay, 
while  the  load  spread  over  the  half  bay  next  the  abutment  is  assumed 
to  rest  on  the  apex  in  contact  with  the  abutment  and  may  therefore 
be  neglected.  If  each  weight  be  supposed  acting  alone,  it  would, 
as  in  Case  I.,  produce  strains  of  equal  amount,  but  of  opposite  kinds, 
in  each  diagonal  between  its  point  of  application  and  the  abutment, 
without  afiecting  that  part  of  the  girder  which  lies  outside  it;  con- 
sequently, when  the  whole  load  is  applied,  each  diagonal  sustains 
the  sum  of  the  strains  produced  by  the  several  weights  which  occur 
between  it  and  the  outer  end  of  the  girder  (M*  149)  and  we  have 

S  =  nWwcfl  (112) 

Ex.  The  value  of  »  for  diagonftl  5  is  24 ;  if  a  =  45**,  jm^  =  1*414,  and  we  have 
:i  =  8-635  W. 

140.  Strains  In  Intersectlnir  diagonals. — When  the  apex  of 
any  pair  of  diagonals  supports  a  weight,  W,  the  strain  in  that 
diagonal  which  is  nearer  the  abutment  exceeds  that  in  the  more 
remote  by  V/secO.  But  when  an  apex  does  not  support  a  weight 
(those,  for  instance,  in  the  lower  flange  of  Fig.  49),  the  strains  in 
the  two  diagonals  are  equal  in  amount  but  of  opposite  kinds. 

IftO.  Inerentents  of  strain  In  flanges. — In  the  case  of  semi- 
girders  loaded  uniformly,  the  increments  of  jstrain  at  the  apices 
increase  as  they  approach  the  wall  in  an  arithmetic  ratio  whose 
difference  =  2Wton0,  and  the  resultant  strains  in  each  bay  conse- 
quently increase  in  a  much  more  rapid  ratio,  viz.,  as  the  square  of 
their  distance  from  the  outer  end  of  the  girder  (see  eq.  11). 
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lAI.  BesaUaat  MndMi  !■  flaases. — The  resultant  stnune  in 
the  ba^  m&y  be  repreueDted  by  equations  if  desirable.  For  the 
loaded  flange, 

F^{m(m  —  l)  +  i}  V</tan$  (113) 

For  the  unloaded  flange, 

F  =  m*WUmB  (lU) 

where  m  represents  the  number  of  the  bay  measured  along  its  own 
flange  from  the  outer  end  of  the  girder.  These  equations  are 
obtained  by  summation ;  their  proof  will  afford  instructive  practice 
to  the  student. 

Itt*.  CicMeral  law  ar  strains  In  horlaontal  Oanrcs  ofbraccd 
llrdcra. — The  strains  in  the  flanges  may  also  be  derived  from  the 
following  law,  which  is  applicable  to  all  braced  girders  or  semi- 
girders  with  horizontal  flanges,  no  matter  how  loaded,  or  whether 
the  bmcing  be  isosceles,  or  the  trianguUtion  be  single  or  lattice. 
Tie  ittcrrment  of  »train  developed  in  t}ie  flange  at  any  apex  is  equal  to 
the  algebraic  eum  (i.e.,  fJie  resultant,)  of  tlte  horizontal  components  of 
the  strains  in  the  intersecting  diagonals.  Keeping  this  in  our  recol- 
lection, we  may  readily  exhibit  on  a  rough  diagram — first,  the  struns 
in  the  diagonals;  secondly,  their  horizontal  components  at  the 
apices;  and  lastly,  the  succeseive  sums  of  these  components,  that 
is,  the  total  strains  in  the  several  bays  of  each  flange. 
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"Dm  hoibimtU  nnnben  •ttaohed  to  ttia  diagoiuli  are  the  oocffldanti  n  In  eq.  113 ; 
Ume  multiplied  by  Wnrt  give  the  itnuiu  in  Mch  dlagonBl  (we  the  nnmben  written 
alonglide).  The  horiioutkl  noinbera  at  each  apex  aie  obtained  bj  adding  the  coeffioienta 
of  QiB  two  InteneotiDg  diagoiuU,  and  when  multipliad  b;  Wtonf  give  the  horizontal 
oompooaata  of  Uie  itraini  In  the  diagonals,  ia,  the  Inorementa  of  Bangs-iti^n  at  each 
apex  (lee  the  rertioal  nomben  at  each  apei).  Finally,  the  wowariTe  addition*  of  ^eae 
inoremmt*  give  the  rsanltant  ataaini  in  each  bay  (aee  the  vaitioal  nninbwt  at  the 
centre  of  each  bay).  Theaema7bae}ieiiedbyeq«.U3  and  111;  thna,  intiieSTdbay 
of  the  upper  flange,  F  =  (3  X  2  +  1)  X  10  X  -677  =  S7-G  torn,  which  diffei*  mstelylii 
tlie  deflifnala  from  the  number  obtained  by  the  diagram. 

1SS.  IiAttlce  wch  ha*  no  tbceretic  adraatase  ovm-  a  sincle 
•r>tew — Praetleal  advaatac«  oflattlee  web — lAnvpUlaiv. — 

If  two  or  more  ayatema  of  trianguktion  be^ubatituted  for  the  single 
Bystem  jufit  deacribed,  we  have  a  lattice  girder ;  and  here  I  may 
remark  that  lattice  braung  has  no  theoretic  advantage  over  a  single 
system  of  triangulation ;  its  advantages  are  entirely  of  a  practical 
natm^,  consisting  in  the  frequent  aupport  which  the  tension  diago- 
nals give  to  thoee  in  compreseioD,  and  which  both  afford  the  flanges. 
Long  pillars  are  aerious  practical  difficulties,  owing  to  their  tendency 
Fiff.  SI.  to  fiesure,  and  lattice  tendon  bars  subdivide  the  struts, 
wluch  would  otherwiee  be  long  unsapported  pillars,  into 
a  series  of  shorter  pillars  and  hold  them  in  the  direction 
of  the  line  of  thrust.  That  this  does  not  injuriously  affect 
the  tenaion  diagonals  will  be  evident,  when  we  reflect  that 
the  longitudinal  strtun  produced  in  a  tension  diagonal  by 
the  de6ection  of  a  strut  crossing  it  at  right  angles,  m 
th£  plane  of  the  girder,  bears  the  same  ratio  to  the  weight 
on  the  strut,  as  twice  the  veraine  of  the  deflection  curve 
bears  to  the  length  of  the  half  atrut — au  amount  quite 
infq>pre<uable  in  practice.  If,  for  instance,  a  atrut  ode. 
Fig.  51,  be  ten  feet  long,  and  if  ita  central  deflection  under 
strun,  bd,  equal  half-an-incb  (an  amount  much  greater 
than  occurs  in  practice),  the  transverse  force  in  the 
direction  of  bd,  which  will  sustain  the  thruat  due  to  deflection,  is  to 

the  longitudinal  pressure  as  -=-,  that  is,  it  is  only  ^th  of  the 

weight  passing  through  the  pilUr;   so  that  in  moat  cases  a  stout 
wire  in  tension  would  be  sufficiently  strong  to  keep  the  jullar  from 
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deflecting  in  the  plane  of  the  girder.  Again,  if  the  force  requisite 
to  resist  the  tendency  of  a  strut  to  deflect  at  right  angles  to  the  plane 
of  the  girder  were  supplied  altogether  by  a  tension  brace,  the  longi- 
tudinal strain  in  that  brace  would  equal  the  weight  on  the  strut,  but 
it  does  not  follow  that  this  strain  is  developed  in  the  tension  brace. 
In  &ct,  the  force  with  which  the  ends  of  the  tension  brace  are  pulled 
asunder  is  practically  independent  of  the  strut,  for  the  increase  in 
the  strain  on  the  tension  brace  is  only  due  to  the  difierence  between 
the  lengths  be  and  dc*  These  considerations  show  that  a  mode- 
rate lateral  force  will  keep  a  long  pillar  from  bending,  and  the 
apprehension  of  long  compression  bars  yielding  by  flexure  in  the 
plane  of  the  girder,  or  producing  undue  strains  in  the  tension  bars, 
need  not  deter  us  from  applying  lattice  bracing  to  girders  exceeding 
in  length  any  girder  bridge  hitherto  constructed.  They  also 
explain  the  otherwise  anomalous  strength  and  rigidity  of  plate 
^rders  and  lattice  girders  whose  webs  are  formed  merely  of  thin 
plates  or  thin  bars.  Such  modes  of  construction  are,  however, 
more  or  less  defective.  The  struts  should  be  formed  of  angle,  T» 
or  channel  iron,  or  the  material  should  be  thrown  into  some  other 
form  than  that  of  a  thin  bar,  which  is  quite  unsuitable  for  resisting 
flexure  at  right  angles  to  the  plane  of  the  web.  A  very  effective 
method  of  stiffening  thin  compression  bars  has  been  applied  to 
tubular  lattice  ^rders.  It  consists  of  a  species  of  light  internal 
cross-bracing  between  the  opposite  compression  bars  of  the  double 
web;  this  stiffens  them  at  right  angles  to  the  plane  of  the  web, 
while  the  tension  braces  keep  them  from  deflecting  in  the  plane  of 
the  web  (see  Plate  IV.) 

154.  Hnlttple  and  single  trianirolAttoii  eomiiared — ^Ijattlce 
fleBil-i^lr4er«  loaded  iminimily. — The  effect  of  latticing,  com- 
pared with  a  single  system  of  triangulation,  is,  as  far  as  theory  is 
concerned,  merely  to  distribute  the  load  over  a  greater  number  of 
apices,  and  consequently  to  reduce  the  strain  in  each  of  the  original 
diagonals  in  proportion  to  the  increased  number  of  systems ;  for, 
since  the  several  systems  are,  as  we  have  just  seen,  practically  inde- 
pendent of  each  other,  each  diagonal  sustains  the  strain  due  to  those 
weights  alone  which  are  supported  on  the  apices  of  the  system  to 
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which  it  beloaga.  £q.  112  will,  thereforev  give  the  strun  in  any 
brace  of  a  lattice  eemi-girder  loaded  uniformly,  observing  that  the 
coefficient  n  will  now  express  the  number  of  those  weights  alone 
which  are  supported  by  that  system  to  which  the  brace  in  question 
belongs,  and  which  occur  between  it  and  the  outer  end  of  the  semi- 
girder.  The  strains  in  the  flanges  of  a  lattice  semi-girder  increase 
less  abruptly  than  when  one  system  of  triangulation  is  adopted,  and 
are  most  conveniently  obttuned  by  a  diagram  similar  to  Fig.  50. 

155.  Cilrder  fealaneed  on  m  ^er. — The  case  of  a  girder  balanced 
midway  on  a  pier  is  obviously  included  in  the  preceding  cases,  since 
each  segment  is  a  semi-girder. 


CASE   III. — GIBDESS    SUPPORTED   AT   BOTH    ENDS   AND    LOADED 
AT   AN    INTEBMEDIATE   POINT. 


156.  Web. — Let  W  =  the  weight,  dividing  the  girder  into  seg* 

ments  containing  respectively  m  and  n 

bays, 
i  =  wi  -J-  n  =  the  number  of  bays  in  the  span, 
S  =  the  stnun  in  any  dingonal, 
F  =  the  strain  in  any  bay  of  either  flange, 
$  =  the  angle  which  the  diaguoals  make  with 

a  vertical  line, 
X  =  the  number  of  diagonals  between   any 

bay  and  either  abutment,  measured  from 

the  centre  of  the  bay. 
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On  the  principle  of  the  lever  (10),  the  reaction  of  the  right 

abutment  =  yW,  and  that  of  the  left  abutment  =  yW.    Since  the 

flanges  are  capable  of  transmitting  strains  in  the  direction  of 
their  length  only  (140),  they  cannot  transfer  vertical  pressures 

to  the  abutments ;  y  W  must  therefore  be  transmitted  through  the 

diagonals  on  the  right  side  of  W  to  the  right  abutment,  while 

jYf  pass  through  the  diagonals  on  the  left  side  of  W  to  the  left 

abutment.  These  quantities  are  in  fact  the  shearing-strains 
described  in  84,  that  is,  they  are  the  vertical  components  of  the 
strains  in  the  diagonals  of  each  segment  The  actual  strain  in  any 
diagonal  is  to  its  vertical  component  as  the  length  of  the  diagonal 
is  to  the  depth  of  the  girder,  or,  calling  the  angle  of  inclination  of 
a  diagonal  to  a  vertical  line  0,  we  have  the  strain  in  each  diagonal 
in  the  right  segment, 

2=^wce  (115) 

in  the  left  segment, 

2=yWwc9  (116) 

The  diagonals  which  intersect  at  the  weight  are  both  subject  to  the 
same  kind  of  strain,  while  the  strains  in  the  diagonals  of  each  segment 
are  alternately  tensile  and  compressive.  If  the  weight  be  at  the 
centre  of  the  girder  all  the  diagonals  will  be  equally  strained. 

157.  Flanyeft. — The  tensile  strain  in  the  second  diagonal,  cd^ 
is  resolved  at  c  into  its  components  in  the  directions  of  the  top 

flange  and  the   first  diagonal.      The  former  =  -T-W^an9,  and  is 

transmitted  throughout  the  flange  as  far  as  W,  receiving  at  the 
intervening  apices  successive  increments  of  stimn  each  equal  to 

-yWton©.     At  W  these  horizontal  strains  are  met  and  balanced  by 

a  similar  series  of  horizontal  increments  developed  at  each  apex  to 

the  right  of  W  and  acting  in  the  opposite  direction  to  the  first  series. 

*  The  strains  in  the  lower  flange  may  be  found  in  a  similar  manner. 
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for  the  thrust  of  the  first  diagonal,  ac,  is  resolved  at  a  into  a  vertical 

pressure  on  the  abutment,  =  ^^t  &nd  a  horizontal  tensile  strain 

in  the  lower  flange  which  acts  as  a  tie.  As  these  three  forces  which 
meet  at  a  balance,  their  relative  amounts  may  be  represented  by  the 
sides  of  the  dotted  triangle  abe\  hence,  the  horizontal  8(train  in 

the  first  bay  of  the  lower  flange  =  ^WtonO,  which  is  transmitted 

throughout  the  flange  as  far  as  the  bay  underneath  W,  receiving 
at  each  intervening  apex   successive  increments  each  equal  to 

-jSNtanO.    Beneath  W  these  stnuns  are  met  and  balanced  by  the 

reverse  series  generated  at  the  several  apices  in  the  right  segment. 
The  resultant  strun  in  any  bay  of  either  flange  equals  the  sum 
of  the  increments  generated  at  the  several  apices  between  it 
and  the  abutment  of  the  segment  in  which  it  occurs.    If  the  bay 
be  in  the  right  segment  and  x  be  measured,  from  the  right  abutment, 

F  =  "^Y/tanO  (117) 

If  the  bay  be  in  the  left  segment  and  a  be  measured  from  the  left 
abutment, 

F  =  ^WtonO  (118) 

The  maximum  stnuns  in  the  flanges  occur  at  Wand  are  represented 
by  the  equation 

F  =  ?y?Wtone  (119) 

Ex.-436e  Fig.  52. 

Let  9  =  30«, 
/  =  8, 
»  =  6*5, 
n  =  2-5, 
tece  =  1164, 
tane  =  0-677. 
From  eqB.  116  and  116,  the  straiiis  in  each  diagonal  of  the  right  segment  =  0*7984  W, 
and  those  in  each  diagonal  of  the  left  segment  =  0*8606  W.    From  eq.  118  the  oom- 
prossive  strain  in  bay  A  =  1*4426  W,  and  the  tensile  strain  in  bay  B  =  1*9884  W. 

15§«  Concentrated  roUIni^  load. — If  the  weight  be  a  rolling 
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load,  the  atrmns  in  the  diagonals  will  vary  according  to  its  position, 
changing  from  tension  to  compression  and  vice  vend,  as  it  passes  each 
spez  (n).  If  the  npper  flange  snpports  the  load,  the  maximam 
compression  in  any  diagonal  occurs  when  the  weight  ia  passing  its 
upper  extremity,  and  the  maximum  tension  when  passing  the  adjoin- 
iog  apex  at  that  dde  to  which  the  diagonal  slopes  downwards.  If 
the  lower  flange  supports  the  load,  the  maximum  tensile  stnun  in 
aaj  diagonal  occurs  when  the  weight  is  passing  its  lower  end,  and 
the  maximum  compresuve  strain  when  passing  the  adjoining  apex 
on  that  side  to  which  the  diagonal  slopes  upwards.  The  maximum 
etiaia  in  anj  bay  of  the  unloaded  flange  occurs  when  the  moving 
load  is  in  the  vertical  line  passing  through  that  bay,  as  may  be  seen 
frum  eqa.  117  or  118,  for  true  and  nx  are  at  their  maximum  when 
they  become  mn  (Sa).  The  maximum  strun  in  any  bay  of  the 
loaded  flange  occurs  when  the  paanng  load  rests  on  the  adjoining 
ftpex  on  the  side  next  the  centre,  for  the  product  mn,  in  eq.  119,  is 
greater  for  this  apex  than  for  the  adjoining  apex  on  the  ude  remote 
from  the  centre. 

U9.  ■jMticc  fflrdcr  (ravei-Md  bj  m  «lMl«  lo»«.— In  this 
case  the  strains  in  the  diagonals  may  be  calculated  by  eqs.  115 
and  116,  for  the  reasoning  by  which  these  equations  were  deduced 
a  equally  applicable  to  lattice  girders.  It  will  also  be  observed 
that  only  one  system  of  triangulation  is  strained  at  a  time,  i.e., 
nippoeing  the  load  to  rest  on  a  single  apex,  which,  however,  is 
seldom  the  case,  as  genenilly  two  or  more  adjacent  apices  are 
loaded  together. 

CASE  IT. QI&DEBS    SUPPOBTBD    AT   BOTH    ENDS    AND   LOADED 

UNIFQBMLT. 
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160.  Web. — Let  W  =  the  weight  of  so  much  of  the  load  as 

covers  one  bay,  t.«.,  the  weight  resting 
on  each  apex  of  the  loaded  flange, 
I  =  the  number  of  bays  in  the  span, 
n  =:  the  numberofweightsbetween  any  given 
diagonal  and  the  centre  of  the  girder, 
2  =  the  stnun  in  the  given  diagonal, 
F  =  the  strain  in  any  bay  of  either  flange, 
0  =  the  angle  which   the  diagonals  make 
with  a  vertical  line. 
If  the  load  be  uniformly  distributed  so  that  an  equal  weight  rests 
upon  each  apex,  the  strains  in  the  diagonals  gradually  increase  from 
the  centre  toward  the  ends.     Any  two  diagonals  equally  distant 
from  the  centre  sustain  all  the  intermediate  load.    If  they  are  tension 
diagonals,  the  weight  is  suspended  as  it  were  between  them;  if 
they  are  compression  diagonals  it  is  supported  by  them  as  oblique 
props.   Each  diagonal  conveys,  therefore,  to  the  abutment  the  pres- 
sure of  the  weights  between  it  and  the  centre,  and  the  sum  of  these 
weights  constitutes  its  vertical  component  or  shearing-strain  (40). 
Hence,  we  have  for  a  uniform  load, 

S  =  nVfsecO  (120) 

161.  Flan^e-straiiiS  derlTcd  flrom  a  diarram. — The  strain 
in  the  flanges  may  be  derived  from  the  law  stated  in  159  by  the 
aid  of  a  rough  diagram,  as  explained  in  the  following  example: — 

Ex.  I .  Let  Fig.  54  represent  one-half  of  a  girder  80  feet  long,  with  the  bracings 
formed  of  8  eqidlateral  triangles,  and  supporting  a  tmif onn  load  of  half  a  ton  per 
running  foot.    From  these  data  we  have 

W  =  5  tons, 
9  =  80% 
f  =  8, 
tane  =  0-677, 

)NtanB  »  2*885  tons, 
W«0ee=  5*770  tctts. 
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Ffg.  Si. 


Tba  horiioDtal  aumben  attached  to  the  dia^iutli  ara  the  oosffidenta  n.  In  eq.  ISO; 
dwae,  mollipliad  by  Witei,  gjv«  the  Itnini  in  the  aerenl  diagooala  (we  the  nnmbera 
writtan  alongnde  them).  The  hoiiioDtal  numben  at  each  tpei.  are  Uie  luma  of  the 
ooeffldenta  attached  to  tlie  intenectlDg  diagonals  ;  these  multiplied  b;  V/tanS  give  the 
horiiontal  oomponente  of  the  stnune  in  the  diagonali,  that  is,  the  increments  of  flange. 
■train  at  each  apex  (aee  the  numben  written  in  a  vertical  dii'ectlon  at  each  apex). 
Finally,  the  mccesslve  additions  of  these  increments  give  the  resultant  strains  in  the 
flanges  (sea  the  numbers  written  in  a  vertical  direction  at  the  centre  of  each  bay). 

Ex.  2.  Let  Fig.  63  represent  a  girder  SO  feet  long,  with  the  bracing  formed  of  S 
rig^t-angUd  triangles,  and  lapporting  a  onif  orm  load  of  half  a  ton  per  running  foot. 
Here     Vi  =  B  tons, 
f  =  i6°, 
1  =  8, 
Ion*  =  1, 
Me»  =  l-iU, 
W(an»  =  S  tons, 
Wssi:«  =  7-07  tons. 
Tlesbalnsin  tonsareas  follows; — 


DUOOMALS, 

1 

2 

8 

i 

C> 

e 

7 

8 

Straus  in  tons  (eq.  120), 

-34-7 

+2*7 

-17-7 

+17-7 

-10'8 

+10-8 

-3-5 

+  8-6 

TuxaMB,    . 

A 

B 

C 

0 

E 

F 

G 

H 

Stialns  in  tons,    .        . 

+17-6 

+*7B 

+87-6 

+776 

-86 

-80 

-76 

-SO 

16a.  Wek,  BceOBd  method. — The  etrdne  in  the  diagonals  maj 
alflo  be  obtained  bj  forming  a  table  of  the  Btrains  which  each  wught 
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would  produce  if  acting  separately,  and  then  taking  aa  the  resultant 
strain  from  all  acting  together  the  sum  or  difference  of  the  tabu- 
lated strains,  according  as  they  are  of  the  same  or  opposite  kinds. 
Thus,  diagonal  4,  Fig.  53,  is  subject  to  compressive  strains  from  all 
the  weights  except  the  first;  the  resultant  stnun  is  therefore  found 
by  subtracting  the  tensile  strain  produced  by  the  first  weight  from 
the  sum  of  the  compressive  strains  produced  by  the  remaining  six 
weights  (143).  This  method,  as  applied  to  the  first  example  in  161, 
is  exhibited  in  the  annexed  table,  the  numerals  in  the  first  column 
of  which  represent  the  diagonals,  and  the  letters  in  the  upper  row 
the  weights,  in  order  of  position.  The  numbers  found  at  the  inter- 
section of  a  diagonal  with  a  weight  represent  in  tons  the  strain 
produced  in  that  diagonal  by  the  weight  in  question  (see  eq.  115). 
The  last  column  contains,  the  strains  which  the  load  produces  when 
distributed  uniformly  all  over.  These  are  obtained  by  adding 
algebraically  the  several  horizontal  rows,  and  the  strains  thus 
obtained  should  agree  with  those  derived  from  eq.  120. 


i 

Strains  in 

Wi 

Wtt 

W3 

W4 

W6 

We 

Wt 

diagonals  due 
to  a 

i 

uniform  load. 

Tons. 

Toim. 

Tom. 

Tons. 

Torn*. 

Tons. 

Tons, 

Tons. 

1 

-51 

-4-3 

-3-6 

-  2-9 

-2-2 

-1-4 

-•72 

-20  2 

2 

+  6-1 

+  4-3 

+  8-6 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+  20-2 

8 

+  0-7 

-4-8 

-8-6 

•-2-9 

-2-2 

-  1-4 

-•72 

-  14-4 

i 

-.0-7 

+  4-3 

+  8-6 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+  14^4 

5 

+  0-7 

+  1-4 

-3-6 

-2-9 

-2-2 

-1-4 

-•72 

-    8^7 

6 

-0-7 

-  1-4 

+  3-6 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+    8-7 

7 

+  0-7 

+  1-4 

+  2-2 

—  2-9 

-2-2 

-1-4 

-•72 

-    2-9 

8 

-0-7 

-1-4 

-2-2 

+  2-9 

+  2-2 

+  1-4 

+  •72 

+    2-9 

It  will  be  observed  that,  when  once  the  strain  produced  by  W^ 
in  diagonal  1  is  obtained,  all  the  other  strains  may  be  derived 
firom  it  by  addition. 

168.  Increments  of  strain  In  flannrefi. — The  flanges  receive 
successive  increments  of  strain  at  each  apex  as  they  approach  the 
centre  where  the  maximum  strains  occur.  These  increments 
diminish  as  they  approach  the  centre  in  an  arithmetic  progression 
whose  difference  =  2Wtan9.  Hence,  the  strains  in  the  bays 
might  be  expressed  by  an  equation ;  they  may,  however,  be  more 
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conveniently  found  by  the  aid  of  a  rough  diagram,  as  already 
described  in  161. 

164.  Strains  in  flanipefi  calculated  by  moments. — The  strains 
in  any  given  bay  may  also  be  obtained  by  taking  moments  round 
the  apex  immediately  above  or  below  it.  To  obtain  the  strain  in 
bay  C,  Fig.  53,  for  example,  take  moments  round  the  apex  a.  The 
left  segment  of  the  girder  is  held  in  equilibrium  by  the  reaction  of 
the  left  abutment  (=  17*5  tons),  the  two  first  weights,  W|  and  W^, 
the  horizontal  tension  in  C,  and  the  strains  at  a.  Taking  moments 
round  the  latter  point,  we  have 

Fd  =  17-5  X  2-56  — 5  (1-5  +  0-5)6, 
where  F  =  the  strain  in  the  flange  at  C, 

b  =  the  length  of  one  bay, 

d  =  the  depth  of  the  girder. 
If©  =  45"*,  b  =  2d,  and  we  have  F  =  675  tons,  as  in  ex.  2,  (161). 

This  method  is,  it  will  be  perceived,  merely  a  modification  of 
that  described  in  4S.  It  is  sometimes  convenient  for  checking 
results  obtained  by  the  resolution  of  forces. 

105.  Cilrder  loaded  nnsymmetrlcaliy. — If  the  load  be  distri- 
buted in  an  unsjmimetrical  manner,  the  strains  produced  by  each 
weight  acting  separately  should  first  be  tabulated,  and  then  the 
resultant  strains  may  be  obtained  as  indicated  in  109. 

160.  Girder  loaded  symmetrically. — If  the  central  part  of  a 
symmetrically  loaded  girder  be  free  from  load,  the  central  braces 
may  be  removed  without  affecting  the  strength  of  the  structure. 
If,  for  example,  the  girder  represented  in  Fig.  53  support  only 
Wp  W„  We,  Wy,  the  braces  in  the  interval,  5,  6,  7,  8,  8',  7',  6', 
5',  may  be  removed.  If  the  central  weight  alone  be  wanting,  then 
braces  7,  8,  8',  7',  may  be  removed. 

107.  Strains  In  end  dlaironafti  and  bays. — When  the  load  is 
symmetrical,  each  of  the  end  diagonals  sustains  a  strain  equal  to 
one-half  the  load  multiplied  by  aecO,  and  the  extreme  bays  of  the 
longer  flange  sustain  a  strain  equal  to  one-half  the  load  multiplied 
by  tanO.  Consequently,  when  6  =  45°,  the  strain  in  each  of  these 
extreme  bays  equals  half  the  load. 

168.  I^tralns  In  Intersectlnir  dlaffonals — Cleneral  law  of 
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•train!  1b  taiterRecllaK  diaironab  of  iMWcelcs  bradofr  « Ilk 
parallel  flaairefi. — When  two  diagonals  intersect  at  a  loaded 
apex  of  a  f^rder  loaded  uniformly,  the  strain  in  that  diagonal 
which  is  more  remote  from  the  centre  exceeds  that  in  the  other 
hy  Y/aecQ.  The  following  law  is  applicable  to  all  girders  with 
parallel  flanges  and  isosceles  bracing  whether  single  or  lattice ; 
when  tvio  diagonals  intertect  at  an  unloaded  apex,  no  matter  koto  the 
load  may  be  distributed,  the  strains  in  the  two  diagonals  are  equal  in 
amount,  but  of  opposite  kinds. 

CASE  v.— OIBDBBS   SUPPORTED   AT   BOTH   ENDS  AND  TEAVEB8ED 
BY  A  TRAIN   OF   UNIFORM   DENSITY. 

Fig.  fiS. 


19».  Web. — Let  W  =  the  weight  of  so  mncb  of  the  uniformly 
distributed  load  as  covers  one  bay, 
i.e.,  the  permanent  load  resting  on 
each  apex, 
W  =  the  weight  of  so  much  of  the  passing 
load  as  covers  one  bay,  i.e.,  the  passing 
weight  on  each  apex, 

t  =  the  nnmber  of  bays  in  the  span, 

n  =  the  nnmber  of  apices  loaded  by  the 
passing  load  between  any  given  dia- 
gonal and  either  abutment, 

S  =  the  strain  in  the  given  diagonal  due  to 

the  permanent  load, 
£'  =  the  maximum  stnuninthe  given  diagonal 
due  to  the  passing  load, 

0  =  the  angle  the  diagonals  make  with  a 
vertical  line. 
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The  strains  in  the  diagonals  vaiy  according  to  the  position  of 

the  passing  train,  not  only  in  amount,  but  also  in  kind.     If,  for 

instance,  W|  alone  rests  upon  the  girder,  diagonal  4  is  subject 

to  tension.    If  now  W^  be  added,  its  tendency  will  be  to  produce 

compression  in  diagonal  4,  that  is,  a  strain  of  an  opposite  kind 

to  that  produced  by  W],  and  the  true  strain  which  this  diagonal 

sustains,  when  both  weights  rest  upon  the  girder,  is  equal  to  the 

difference  of  the  strains  produced  by  each  weight  acting  separately 

(14S).     The  third,  fourth,  fifth,  sixth,  and  seventh  weights  tend 

to  increase  the  compression  in  diagonal  4,  while  the  first  weight 

alone  tends  to  produce  tension.      Consequently,  the   maximum 

compression  in  this  diagonal  takes   place  when  all  the  weights 

except  the  first  rest  upon  the  girder,  and  the  maximum  tension 

occurs  when  all  the  weights  are  removed  except  the  first.     The 

same  result  may  be  arrived  at  in  any  particular  case  by  means 

of  a  table  of  strains,  such  as  that  in  109,  where  we  find  at  the 

intersection  of  diagonal  4  and  W|,  that  this  weight  produces  a 

tension  of  0*7  tons  in  the  diagonal,  while  each  of  the  remaining 

weights  produces  compression.     When  all  the  weights  rest  upon 

the  girder,  the  first  and  last  produce  no  effect  on  diagonal  4,  since 

the  strains  due  to  these  weights  are  equal  and  have  opposite  signs. 

In  facty  these  weights  are  supported  exclusively  by  the  flanges  and 

the  last  pair  of  diagonals  at  each  end,  and,  as  far  as  they  alone  are 

concerned,  aU  the  intermediate  diagonals  might  be  omitted.    If, 

however,  Wj  be  removed,  the  eighth  part  of  W^  is  transmitted  to 

the  left  abutment,  and  consequently  increases  the  compression  in 

diagonal  4  by  the  strain  found  in  the  table  at  the  intersection  of 

V/j  and  4.    If,  on  the  other  hand,  W^  be  removed,  the  eighth  part 

of  W,  is  transmitted  to  the  right  abutment,  diminishing  the  com- 

pression  in  diagonal  4  by  the  strain  found  at  the  intersection  of  W, 

and  4.    In  a  similar  manner  we  find  from  the  table  that  any  other 

diagonal,  7  for  instance,  sustains  the  greatest  amount  of  compression 

when  the  first,  second,  and  third  weights  alone  rest  upon  the  girder, 

and  the  greatest  tension  when  these  are  removed  and  the  other 

weights  remain. 

190.  Bia^iiem  straliM  In  web — Strains  In  Intersectlni^ 
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dlayonals. — The  maximum  strain  in  any  diagonal  occurs  when  the 
passing  train  covers  only  one  segment  (51) ;  and  in  general  terms,  the 
'  maximum  tensile  strain  in  any  diagonal  occurs  when  the  parsing  train 
covers  the  segment  from  which  the  diagonal  slopes  upwards^  and  t/ie 
maximum  compressive  strain  when  it  covers  Hie  segment  towards  which 
the  diagonal  slopes  upwards.  When  a  pair  of  diagonals  meet  at  the 
unloaded  flange,  the  strains  in  the  two  diagonals  are  equal  in  amount 
but  of  opposite  kinds,  and  the  maximum  tensile  strain  in  one  is  equal 
to  the  maximum  compressive  strain  in  the  other,  and  vice  versa  (108). 

171.  Permanent  load — ^Absolnte  maxlmnm  strains. — In  all 
the  foregoing  investigations  the  weight  of  the  girder  and  roadway 
has  been  left  out  of  consideration,  but  in  practice  the  perma- 
nent load  materially  modifies  the  strains,  especially  in  bridges  of 
large  span  where  the  ratio  of  the  permanent  to  tlie  passing  load 
is  considerable.  If  the  supported  load  be  uniformly  distributed, 
its  weight  may  be  added  to  that  of  the  structure,  provided  the 
latter  be  also  uniform,  and  the  calculations  made  for  their  com- 
bined weights  as  already  explained  for  uniform  loads.  But  when 
the  load  moves,  the  strains  in  the  bracing  produced  by  the  weight 
of  the  permanent  structure  will  be  increased  or  diminished,  or 
even  a  strain  of  an  opposite  kind  produced,  according  to  the 
position  of  the  passing  load.  In  order  to  obtain  the  absolute 
maximum  strains  to  which  the  bracing  is  liable  under  these  cir- 
cumstances, we  must  calculate — ^first,  the  strains  produced  by  the 
permanent  structure  alone,  and  afterwards  the  maximum  strains, 
both  tensile  and  compressive,  due  to  the  passing  load  alone.  These 
latter,  when  added  to,  or  subtracted  from,  the  strains  produced  by 
the  permanent  load,  according  as  they  are  of  the  same  or  opposite 
kinds,  will  ^ve  the  absolute  maximum  strains  to  which  each  brace 
is  liable  in  any  position  of  the  passing  load. 

ira.  Webj  first  method. — ^Perhaps  the  simplest  method  of 
obtaining  the  strains  in  the  diagonals  from  a  passing  train  is  by 
forming  a  table  of  strains  produced  by  each  weight  acting  sepa- 
rately, as  in  109.  Then  adding,  first  the  tensile,  and  afterwards 
the  compressive,  strains  in  each  horizontal  row,  we  obtain  the 
required  maximimi  strains  of  each  kind. 
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Ex.  11)6  followizig  example  of  »  girder  of  eight  bays  will  iUnatrate  thia  method  of 
calcnlatlzig  the  absolute  maximum  stndni  when  the  bridge  is  travened  by  a  load  of 
uniform  density  whose  length  is  not  less  than  the  span.  Let  Fig.  55  represent  a  railway 
girder,  80  feet  long  and  5  feet  deep^  the  bracing  of  which  is  formed  of  8  right-angled 
isosceles  triangles,  with  the  roadway  attached  to  the  upper  flange.  Let  the  permanent 
bridge-load  equal  half  a  ton  per  running  foot,  and  the  greatest  passing  train  of  uniform 
density  equal  one  ton  per  foot ;  we  then  have 

W  r=  5  tons  from  the  permanent  load, 
W  =  10  tons  from  the  passing  train, 

?=:8, 

ian$  =  1, 

Wjsc6  =  707  tons, 

W'  ,., 

-j-ne9  =  1*77  tons, 

(WH-W')ton«=15tons. 


Il 

/ 

f 

/ 

f 

t 

t 

1 

1 

Wi 

Ws 

Wa 

W4 

Wa 

We 

Wt 

c 

r 

a 

C 

T 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Torn. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

1 

-12-4 

-10-6 

-8-9 

-71 

-5-3 

-3-5 

-1-8 

•  •• 

-49-6 

-24-7 

•  •  • 

-74-8 

2 

+12-4 

+10-6 

+8-9 

+7-1 

+6-8 

+8-5 

+1-8 

+49-6 

•  •  • 

+24-7 

+74-8 

•  •• 

8 

+  1-8 

-10*6 

-8-9 

-71 

-5-3 

-3-6 

-1-8 

+  1-8 

-37-2 

-17-7 

•  •• 

-64-9 

4 

-  18 

+  10-6 

+8-9 

+7-1 

+5-3 

+3-6 

+  1-8 

+87-2 

-  1-8 

+17-7 

+64-9 

•  •• 

5 

+  1-8 

+  3-6 

-8-9 

-71 

-5-3 

-8-6 

-1-8 

+  5-8 

-26-6 

-10-6 

•  •  • 

-37-2 

6 

-  1-8 

-  8-6 

+8-9 

+71 

+6-8 

+3-6 

+1-8 

+26-6 

-  6-8 

+10-6 

+37-2 

•  •  • 

7 

+  1-8 

+  8-6 

+6-3 

-71 

-6-3 

-3  6 

-1-8 

+10-6 

-17-7 

-  8-6 

+  7-1 

-21-2 

8 

-  1-8 

-  3-6 

-6-3 

+7-1 

+6-3 

+3-6 

+1-8 

+17-7 

-10-6 

+  3-6 

+21-2  -  7-1 

« 

The  numbers  in  the  first  column  represent  the  diagonals,  and  the  seven  first 
letters  in  the  upper  row  the  passing  weights,  in  order  of  position.  The  numbers 
found  at  the  intersection  of  a  diagonal  with  a  weight  represent  the  strains  pro- 
duced in  the  diagonals  by  the  passing  load  resting  on  each  apex  separately ;  these 
are  derived  from  eqs.  115  and  116.  The  columns  marked  C  and  T'  contain  the 
Tnaximum  strains  of  compression  and  tension  which  the  passing  load  can  produce ; 
they  are  obtained  by  adding,  first  the  compressiTe^  and  afterwards  the  tensile,  strains 
in  each  row  in  the  first  part  of  the  table.  The  column  marked  2  contains  the  strains 
due  to  the  uniform  permanent  load;  these  are  derived  from  eq.  120.  Finally,  the 
two  last  columns,  marked  C  and  T,  contain  the  absolute  maximum  strains  which  the 
combination  of  permanent  and  passing  loads  can  produce ;  these  are  obtained  by  adding 
algebraically  column  2  to  columns  C  and  T'  respectively.  If  one  ton  per  foot  be 
the  greatest  passing  load  to  which  the  girder  is  liable,  the  strains  in  the  bracing  can 
never  exceed  these  absolute  maximum  strains. 

19S.  Flanses. — The  maximum  strains  in  the  flanges  occur  when 
the  passing  load  covers  the  whole  girder  (58). 
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In  our  example  this  occurs  when  the  girder  supports  a  uniformly  distributed  load  of 
1*6  tons  per  running  foot,  equivalent  to  16  tons  at  each  apex.  The  strains  in  the 
several  bays  are  given  in  the  following  table ;  they  are  obtained  by  the  aid  of  a  diagram, 
as  described  in  161. 


Bays, 

A 

B 

C 

D 

E 

F 

Q 

H 

Strains 
in  tons, 

+  52-5 

+ 142-6 

+  202-5 

+  282-6 

-106 

—  180 

-226 

-240 

174.  Coanterbracloi^. — On  examining  the  two  last  columns  of 
the  table  in  179,  it  will  be  seen  that  diagonals  7  and  8  are  the  only 
braces  which  are  liable  to  both  tensile  and  compressive  strains. 
Consequently,  the  four  central  diagonals  alone  require  to  be  conn- 
terbraced  (187);  whereas,  if  the  permanent  load  had  been  left 
out  of  consideration,  all  the  diagonals  except  the  extreme  pair 
at  each  end  would  require  counterbracing;  and  if,  on  the  other 
hand,  the  strains  from  the  passing  load  had  been  calculated  on 
the  supposition  of  its  being  a  uniformly  distributed,  in  place  of  a 
passing  load,  none  of  the  diagonals  would  require  counterbracing. 

175.  Permanent  loa4  diminishes  coonterbra^ni^. — In  bridges 
of  large  span,  the  permanent  load  will  materially  diminish  the 
amount  of  counterbracing  that  would  be  required  if  the  passing 
load  alone  had  to  be  provided  for;  and  when  the  span  is  very 
large,  it  will  be  more  accurate  to  consider  the  permanent  load  as 
resting,  part  on  the  upper,  and  part  on  the  lower  flange.  In  small 
spans  this  nicety  of  calculation  may  be  neglected,  since  the  cross 
road-girders  and  roadway,  with  the  flange  to  which  they  are 
attachjed,  form  the  greater  portion  of  the  permanent  load. 

170.  Web^  seeond  method. — The  maximum  strains  in  the 
diagonals  due  to  a  passing  train  of  uniform  density  may  be  expressed 
by  equations  similar  to  those  given  in  the  preceding  cases,  for  which 
purpose  it  is  necessary  to  divide  girders  into  two  classes. 


Class  A. 

Girders  in  which  the  extreme  apices  of  the  loaded  flanges  are 
each  distant  one  whoU  bay  from  the  abutments,  as  in  Fig.  56. 
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From  eq.  115  the  strain   in  any  diagonal  from  the   passing 
weight  at — 

The  Ist  apex  =      ^^$ec8, 


nth  apex  =  n  -j~  »ec9, 

where  n  represents  the  number  of  loaded  apices  between  the 
diagonal  and  one  abutment.  The  maximum  strain  is  equal  to  the 
snm  of  these  separate  strains ;  hence, 

2'  =  (1  +  2  +  3  +  ...n)^Mce, 

or  by  summation, 

S'=°'''  +  '>x^.««.  (121) 


Girders  in  which  the  extreme  apices  of  the  loaded  flange  are 
each  distant  one  half-bay  from  the  abutment,  as  in  Fig.  57. 
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The  rtrain  m  any  diagonal  from  the  passing  weight  at- 

The  Ist  apex  =      -—j-  secO^ 

2nd  apex  =  3  —z-  secB^ 
3rd  apex  =  5  -^r  ^^^^> 

Til 


ntli  apex  =  (2n  —  1)  -nr  ^^c^* 
Adding  these  together,  we  have  the  strain  due  to  the  passing  load, 

2'  =  (1  +  3  +  5  +  .  .  .  '^n  —  I) -^  sece, 
or  hj  snmmationy 

2'  =  yX^wce.  (122) 

Eq.  122  proves  that  the  strains  in  the  diagonals  produced  by  a 
passing  load  are  proportional  to  the  square  of  the  loaded  segment 
(50). 

Ex.  The  following  example  of  a  girder  of  8  bays  with  equilateral  triangles,  belong- 
ing to  CUU8  A,  will  illustrate  this  method  of  oalcolating  the  maximmn strains  produced 
by  a  passing  train  of  nnif orm  density  sufficiently  long  to  extend  over  the  whole  bridge. 
Let  the  girder  be  80  feet  long,  the  permanent  load  0*5  tons  per  running  foot,  and  the 
passing  load  of  greatest  density  (say  engines)  one  ton  per  foot ;  we  then  have,  using  the 
same  notation  as  before, 

W  =:    6  tons  from  the  pennanent  load, 
W  =  10  tons  from  the  passing  train, 
/  =  8, 
$  =  80«, 
tan$  =  0*5778, 
$eee  s  I'Ui, 
W«cc  =  6-77  tons 


=  1-442  tons 

(W  +  W')  tan9  =  8*66  tons. 
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DtagoDSb 

»(»  +  !) 

2 

a 

T' 

C 

T 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

1 

-28 

-20-2 

•■■ 

-40-4 

«•• 

-60-6 

2 

-   0 

+  20-2 

+  40-4 

••• 

+  60-6 

••• 

8 

-21 

-14-4 

+    1-4 

-80-8 

••■ 

-447 

4 

-    1 

+  14-4 

+  808 

+    1-4 

+  447 

••• 

5 

-15 

-   87 

+    4-8 

-21-6 

••• 

-80-8 

6 

-   8 

+   87 

+  21-6 

-    4-8 

+  80-8 

••■ 

7 

-10 

-   2-9 

+    87 

-14-4 

+   5-8 

-17-8 

8 

-    6 

+   2-9 

+  14-4 

-    87 

+  17-8 

-    5-8 

The  nnmenls  in  Uie  first  ooltiinn  represent  Uie  diagonals  (see  Fig.  56).    The  second 
oolnmn  contains  the  coefficients  for  each  diagonal,  ^     q  — -  ^  ^*  121,  n  being  mea- 

sored  alternately  from  the  right  and  the  left  abutment.  Column  2  contains  the 
strains  produced  by  the  permanent  bridge-load ;  these  are  calculated  by  eq.  120. 
Columns  C  and  T'  contain  the  maTimum  strains  produced  by  the  passing  load ; 
theee  are  calculated  by  the  aid  of  the  second  column  and  eq.  121  (see  190). 
Finally,  the  two  last  columns  contain  the  absolute  maTimTnn  strains  of  either  kind  in 
the  bracing,  taking  both  permanent  and  passing  loads  into  consideration ;  these  are 
obtained  by  adding  columns  C  and  T'  algebraically  to  column  X  The  strains  in  the 
flanges  are  as  follows  (161) : — 


Bays, 

A 

B 

C 

D 

E 

F 

Q 

H 

Strains  in  tons, 

+80-8 

+82-8 

+117-0 

+184*2 

-60-6 

-108-9 

-129-9 

-188.6 

CASE    VI* — ^LATTICE    GIRDERS    SUPPORTED    AT   BOTH  ENDS  AND 

LOADED   UNIFORMLY* 

m.  Approximate  role  for  stralMi  In  lattlee  irelb. — It  has 

been  already  shown  (154)  that  the  effect  of  increasing  the  number  of 
diagonals,  so  as  to  form  a  lattice  girder,  is  merely  to  distribute  the 
load  over  a  greater  number  of  apices  and  thus  diminish  the  strain 
in  each  diagonal  in  proportion  to  the  increased  number  of  systems. 
This  suggests  the  following  approximate  rule  for  finding  the  strains 
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in  the  bracing  of  lattice  girders.  Calculate  the  straira  on  the  suppon^ 
Hon  that  there  is  only  one  st/atem  of  triangies.  These  divided  hy  the 
number  of  systems  will  give  the  ttrains  in  the  corresponding  lattice  dia- 
gonaU.  As,  however,  more  exact  methods  of  calculation  are  of  easy 
application,  they  are  preferable  to  a  rulewhich  is  merelyapproximate. 
178.  Web — FlaB|«s. — In  the  case  of  a  uniform  load  the  strung 
in  the  bracing  may  be  calculated  by  eq.  120,  observing  that  the 
Yig.  GS. 


coefficient  n  will  represent  in  a  lattice  girder  the  number  of  those 
weights  which  occar  between  any  ^ven  diagonal  and  the  centre 
of  the  girder,  and  which  rest  only  on  the  apices  belonging  to 
its  own  system  of  triangulation.  This  assumes  that  the  strains 
from  weights  belonging  to  different  systems,  but  at  equal  distances 
on  opposite  sides  of  the  centre,  such  aa  W,  and  W,,  in  Fig.  58, 
do  not  pass  through  the  intermediate  diagonals,  but  merely  through 
the  flanges  and  those  diagonals  of  their  respective  systems  which 
occQT  between  them  and  the  abutments.  This  is  the  simplest  way 
of  calculating  the  strains  due  to  a  uniform  load,  but  they  may  also 
be  calculated  for  each  system  separately  (16*),  in  which  case  the 
strains  in  the  diagonals  will  differ  somewhat  from  those  obt^ed  by 
the  first  method.  The  strains  in  the  flanges  are  most  conveniently 
obtained  by  the  aid  of  a  diagram  of  strains  (ittl). 

Ex.  The  foUnwing  example  of  a  lattice  girdsr,  80  feet  long  and  10  feet  de^  wiUi 
four  ■yitemi  of  right-ODgled  triangle*,  i.e.,  IS  baje,  vill  illiutnta  the  mode  of  calcnl*- 
tion  (aee  Fig.  G8).    If  tlie  uniform  load  eqnal  half  a  ton  per  nmning  foot,  ve  hav^ 
W  =  2-6  iana  =  tlie  weight  on  each  ^lei, 
«  =  *5', 
W»«»=  3-635  toM, 
Wtonfl  =  2-5  tons, 

A  ^  the  number  of  weughts  belonging  to  its  own  gyatem 
between  any  given  diagonal  and  the  centre  of  the  girder. 
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Hie  nmnben  attKhad  to  the  diagoiula  In  tha  preoadfag  diagnm  of  itavlni  are  tho 
axOciRita  «,  in  aq.  130  ;  th«aa  mnltiplied  t^  Wmc*  glra  Out  itnin*  fn  the  dlagonkli, 
ii  in  the  foUowIiig  taUe,  the  upper  row  of  whioh  TspraMnta  the  diagonal!  In  ordor  of 
poilion  (aea  ^g.  S3},  and  the  lower  row  the  oomaponding  ibalu  in  tona  : — 


■1 


™    +J-1  +J-)  +T-I  w-J  +ii  +1-1 


i-ri+c, 


.1-8  _H  _f»     ft  -H  -J-i 


nie  hcriiontal  uomben  at  the  a^ioea  are  obttJned  t^  adding  tbe  ooa&denta  of  Oie 
inttnectmg  dlagonala.  These  nomben  multiplied  t^  Wfanf  aM  the  Immmenta  of 
itnin  in  the  flaugea  {aee  the  vertical  figmoa  at  each  qrai).  Finally,  the  aoooeaalre 
•ddikiana  of  these  inerementa  give  the  reaultant  atiaina  in  the  flangea  in  tmw  (aee 
Ac  iwtieal  figure  at  the  eentie  ot  «ach  baj). 


CASE  Til. — LATTICE   OIRDEES   SUPPORTED    AT   BOTH  ENDS  AND 
TRATEBfiED  BT  A  TRAIN  OF  D^'IFORH    DENSITr. 


L — Perhaps,  the  simplest  method  of 
obtaining  the  strains  in  the  case  of  a  passing  train  is  to  tabulate 
tlte  itrains  produced  by  each  weight  separately,  and  thence  infer 
vhst  condition  of  the  load  will  prodace  the  maximnun  atraina  in 
«cH  diagonal  (ISS). 
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Ex.  nie  following  example  of  a  Uttice  girder,  SO  feet  long  Hid  10  feat  deep,  with 
1  ^itenu  of  right  uigled  triangles,  will  Qliutimte  thii  tnettiad  (tea  Fig.  SO) : — 

Fig.  eo. 


Let  the  permMient  bridge-load  eqnal  halt  a  ton  per  ninning  foot  and  the  paning 
ti^n  equal  one  ton  per  mDnlng  foot,    From  theaa  data  we  have, 

W   =    S'fi  tons  at  wch  apex  from  the  permanent  load, 
W  =    Si)  tone  at  each  epei  from  the  paseing  train, 
J  =  16  =  the  number  of  baje  in  the  ipwi, 
<  =  t6', 
W(M«=    S'SSSton^ 


W  +  W' 


««   0-4«3to 


:    0*7  tc 


He  upper  row  In  the  table  on  p.  115  repieeents  the  pasdng  veigbti,  and  the  firat 
Dolmnn  repreeanta  the  diagonals.  The  neit  fifteen  colnnuu  oontain  the  straina  pro- 
dnoed  in  the  diagonala  bj  each  weight  acting  separately  ;  these  aro  derived  from  eqa. 
lis  and  llfl.  The  next  two  columns,  maAed  C  and  T',  contain  the  marimnm  atntina 
of  oompreaaion  and  tdndon  produced  bj  the  passing  load  ;  titeae  aro  obtained  ity  adding 
the  strains  of  oompreesion  and  tendon  In  each  row  sepai*talj.  The  eolmnn  headed  3 
eontalna  the  ttndu  produced  by  the  pramanent  load  ;  it  is  oopied  from  the  praviona 
example  in  1>8.  Rnall;,  the  last  two  oolnmo^  marked  C  and  T,  oontain  the 
abecdute  tn^iimnm  strains  whidi  the  oomlnned  p-— '-j^  and  permanent  loads  can 
produoe  ;  theee  are  obt^ned  by  adding  column  3  to  columns  C  and  T'  sacceadrely. 
From  this  table  It  appears  that  diagooala  B,  10,  and  11  an  subject  to  both  com- 
presdou  and  tension  ;  oonseqneutlj,  the  six  central  diagooala  require  coontatbradng. 
The  marimuin  atrains  In  the  fiajigea  occur  when  the  passing  load  extends  uniformly 
over  the  wfiole  girder  (5S)  ;  they  may  be  obtained  by  meaoa  of  a  diagram  of  sbains 
as  expluned  in  1S9.  In  this  example  the  flang»strains  are  three  timea  greater  thu 
in  the  example  in  ItS^  for  the  passing  load  per  running  foot  equals  twice  the  per- 
manent load. 

180.  Kad  plUars. — The  end  pillars  of  lattice  girders  are  SDme- 
times  subject  to  transverse  str^n  from  the  horizontal  components 
of  the  dia^nale  which  intersect  them  midway  between  the  flanges. 
This  transverse  strain  is,  however,  of  slight  amount,  as  it  b  merely 
a  differential  qnantitj,  being  due  to  the  excess  of  the  strain  in  the 


CHAP,  v.]  AND  WS3S8  OF  IBOSCBI.B8  BKACINO. 


115 


j . 

« 

• 

• 

m 

H» 

00 

• 

9» 

• 

■ 

• 

• 

• 

# 

9 

• 

0« 

flO 

"* 

<<• 

O 

r^ 

04 

kO 

Ok 

h 

S' 

• 
• 

• 
• 

• 
• 

• 

• 

■ 

• 
• 

■ 
• 

1 

1 

1 

1 

1 

1 

1 

1 

fl 

1 

.p 

• 

• 

• 

00 

• 

kO 

• 

• 

• 

• 

r> 

v 

5c« 

fl 

Ok 

lO 

04 

1-1 

O 

«»- 

"* 

flO 

C4 

• 

0 

C4 

«"4 

pH 

^m 

i-i 

r^ 

• 

• 

• 

• 

• 

• 

, 

H  + 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

rf*^ 

,^ 

•^ 

00 

lO 

lO 

lO 

00 

oo 

kO 

kO 

kO 

00 

l1 

2  • 

« 

m 

■ 

• 

• 

« 

• 

« 

• 

• 

n 

S«^ 

t^ 

t^ 

aO 

flO 

oo 

00 

F-i 

• 

• 

• 

r-l 

00 

00 

00 

kO 

<<• 

s+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

• 

• 

• 

1 

1 

1 

1 

1 

1 

""I* 

o> 

00 

00 

«o 

«D 

^ 

CO 

to 

o 

00 

«D 

CO 

s  • 

■ 

■ 

• 

■ 

« 

• 

• 

• 

• 

« 

• 

• 

• 

%. 

■ 

■ 

• 

o 

o 

r^ 

r-t 

04 

00 

^ 

lO 

to 

00 

Ok 

O 

04 

^• 

■ 
• 

• 
• 

• 
• 

I 

I 

1 

I 

1 

1 

1 

1 

1 

1 

1 

11 
1 

n 

1 

.0* 

o« 

oo 

«o 

00 

o 

«D 

CO 

•^ 

«o 

«o 

00 

oo 

Ok 

•^ 

• 

• 

• 

• 

• 

• 

• 

• 

« 

1        ^ 

^4^ 

e« 

o 

o» 

00 

«D 

lO 

"0 

flO 

04 

IH 

f^ 

o 

o 

0 

VH 

f-i 

f-l 

• 

• 

H+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

+ 

^ 

^ 

"* 

""I* 

m 

• 

• 

• 

• 

• 

• 

• 

• 

• 

^^^ 

• 

• 

o 

• 

• 

• 

O 

• 

• 

• 

o 

• 

• 

• 

o 

■ 

• 

^ 

+ 

• 

• 

• 

+ 

+ 

+ 

• 

• 

A 

Ok 

Ok 

Ok 

• 

■ 

■ 

• 

• 

■ 

• 

• 

• 

• 

• 

•»«.'" 

« 

^^ 

• 

• 

• 

o 

• 

• 

• 

^^ 

• 

• 

• 

o 

• 

• 

• 

^ 

+ 

+ 

• 

+ 

• 

• 

+ 

• 

• 

90 

«o 

00 

00 

r«. 

• 

• 

■ 

• 

• 

• 

• 

• 

■ 

• 

• 

• 

• 

^_"* 

V4 

m 

• 

• 

9^ 

• 

• 

• 

r^ 

• 

• 

• 

^^ 

• 

• 

• 

kO 

^ 

+ 

• 

+ 

■ 

+ 

+ 

1 

. 

00 

00 

OD 

00 

■ 

m 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

*»."* 

■ 

m 

• 

^^ 

• 

• 

• 

f-l 

• 

• 

• 

IH 

• 

• 

• 

kO 

• 

^ 

• 

• 

+ 

+ 

• 

• 

+ 

• 

1 

• 

.. 

• 

0« 

• 

• 

<5* 

04 

• 

• 

9» 

• 

»- ■* 

• 

• 

04 

• 

• 

• 

04 

• 

• 

• 

e« 

• 

• 

• 

-^ 

• 

• 

J 

• 

+ 

• 

• 

+ 

+ 

• 

• 

• 

1 

• 

• 

e 

• 

»« 

« 

• 

• 

^ 

9 

• 

• 

• 

# 

• 

• 

• 

• 

• 

• 

*__^ 

• 

01 

• 

■ 

• 

04 

• 

• 

• 

04 

• 

• 

• 

•^ 

• 

• 

■ 

^ 

+ 

• 

• 

+ 

• 

• 

+ 

• 

• 

1 

• 

• 

f^ 

r^ 

fH 

o 

9> 

%  • 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

9 

^ 

00 

• 

• 

• 

flO 

• 

• 

• 

00 

• 

• 

• 

•^ 

• 

• 

• 

^1 

+ 

+ 

• 

• 

+ 

• 

» 

• 

1 

• 

• 

• 

1 

( 

kO 

»o 

kO 

kO 

«  fl 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

^ 

• 
■ 

• 
• 

m 
• 

00 

+ 

• 
• 

• 
• 

• 
• 

CO 

+ 

■ 
• 

• 
• 

• 

• 

00 

1 

• 
• 

• 

• 

• 

• 

00 

1 

• 
• 

o 

o 

r-t 

pH 

«    In 

• 

• 

■ 

• 

• 

• 

• 

• 

■ 

• 

• 

• 

• 

^ 

• 

• 

"^ 

• 

• 

• 

•^ 

• 

• 

• 

00 

• 

• 

• 

00 

• 

• 

• 

• 

+ 

■ 

+ 

• 

1 

• 

• 

1 

• 

• 

» 

^ 

"** 

t>- 

<<• 

1        ^         • 

• 

• 

# 

• 

• 

• 

• 

• 

• 

• 

• 

• 

m 

• 

• 

;^ 

• 

•^ 

• 

• 

• 

^m9 

• 

• 

• 

04 

• 

• 

• 

04 

• 

• 

• 

• 

+ 

■ 

• 

+ 

■ 

■ 

1 

1 

• 

• 

•   • 

■ 

Ok 

Ok 

04 

09 

04 

• 
• 
• 

• 
• 
• 

• 
• 
• 

• 

■ 
• 
• 

■ 
• 
• 

• 
• 
• 

• 

1 

• 
• 
• 

• 
• 
• 

• 
• 
• 

04 

1 

• 
• 
• 

• 
• 
• 

• 
• 
• 

o« 

1 

oo 

00 

00 

00 

■ 

• 

• 

• 

• 

# 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

• 

^ 

< 

• 
• 

• 
• 

• 
■ 

lO 

+ 

• 
« 

• 
• 

• 
• 

r-l 
1 

• 
• 

• 
• 

■ 
■ 

11 

1 

• 
• 

• 
• 

• 
• 

1 

• 
■ 

r«. 

CO 

CO 

CO 

»  n 

• 

■ 

• 

• 

• 

• 

• 

• 

• 

• 

« 

• 

• 

• 

^ 

• 
• 

• 
• 

+ 

• 
• 

• 
• 

• 
• 

1 

• 
• 

• 
• 

• 
• 

I-I 

1 

• 
• 

• 
• 

• 

• 

1 

• 
• 

• 
• 

09 

c» 

Ok 

Ok 

•^    n 

^ 

• 
• 

m 

CO 

+ 

■ 
■ 

■ 
• 
• 

• 
• 
• 

■ 

o 

1 

• 
• 
• 

• 
• 

• 
• 
• 

o 

I 

• 
• 
• 

• 
• 
• 

• 
• 
• 

1 

• 
• 
• 

« 
• 
■ 

• 
• 
• 

1 

«D 

"«*« 

■^ 

■^ 

«« 

1  ^  •• 

■ 

■ 

• 

• 

• 

■ 

• 

• 

^ 

+ 

• 
• 

• 
• 

• 
• 

o 

1 

• 
• 

• 
• 

• 
• 

o 
1 

• 
• 

• 
• 

• 
• 

o 

1 

• 

9 

• 
• 

• 
• 

o 

1. 

1 

1-4 

04 

eo 

■^ 

lO 

o 

«<• 

00 

Ok 

o 

^■1 

04 

00 

w— f 

kO 

€ 

_o 

116  GIRDERS  WITH  PARALLEL  FLANGES  [OHAP.  V. 

tension  diagonals  over  those  in  compression,  or  vice  versd.  In 
Fig.  60,  for  example,  the  .  vertical  component  of  the  diagonals 
meeting  at  c  is  transmitted  through  the  lower  half  of  the  pillar  to 
the  abutment  in  addition  to  any  pressure  which  it  may  receive 
from  the  upper  half.  Their  horizontal  component,  however,  tends 
to  deflect  the  pillar  outwards  or  inwards,  according  as  the  strain 
in  the  compression  or  tension  diagonal  is  in  excess,  and  this  trans- 
verse strain  converts  the  pillar  into  a  vertical  girder  whose  abutments 
are  the  flanges.  This  excess  does  not  attain  its  greatest  value 
when  the  girder  is  uniformly  loaded ;  for  since  the  load  is  on  the 
upper  flange,  the  tension  in  diagonal  IT  equals  the  compression  in 
diagonal  3,  and,  on  examining  the  preceding  table,  we  find  that  the 
greatest  excess  of  strain  in  diagonal  1  over  that  in  diagonal  3  occurs 
when  all  the  apices  of  the  system  to  which  the  former  diagonal 
belongs  are  loaded,  while  those  of  the  latter  are  free  from  load. 
This  of  course  is  a  condition  of  load  which  is  very  unlikely  to  occur 
in  practice,  but  it  is  quite  possible  that  passing  weights  may  rest 
on  two  apices  of  the  first  system,  say  W,  and  W„  while  the  apices 
belonging  to  the  other  system  are  free  from  load.  This  might 
occur,  for  instance,  if  a  pair  of  engines  or  heavy  wagons  were 
to  cross  with  a  proper  interval  between  them.  If  this  were 
to  occur  in  our  example,  the  horizontal  component  of  the  strain 

in  diagonal  1  would  =z  ^^^ '^  j^^^'tanO  =  8-1  tons.    The  pillars 

ought  accordingly  to  be  designed  with  adequate  strength  to  meet 
such  transverse  strains,  as  well  as  those  of  compression  in  the 
direction  of  their  length. 

181.  AmMffolty  respectfnfr  fttrains  In  lattlee  braelnfr. — 

When  a  lattice  girder  contains  three  or  more  systems  of  triangles,  a 
slight  ambiguity  may  occur  respecting  the  strains  if  the  load  be  dis- 
posed on  both  sides  of  the  centre.  Take  for  example  Wy  and  Wg, 
Fig.  60,  which  belong  to  different  systems,  but  rest  on  apices  equally 
distant  from  the  centre ;  the  whole  of  Wy  may  be  transmitted  to 
the  left  abutment  through  diagonals  7,  13^  3  and  17^  and  the 
whole  of  Wg  to  the  right  abutment  through  diagonals  7^  13,  3'  and 
17,  without  producing  strains  in  the  other  diagonals  of  either 


/  A<^  ^;^-t*-^'*^  a^^Cti^    i^ 
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system,  which  indeed  might  be  safely  removed  as  far  as  these 
weights  are  concerned.  The  method  of  calculation  described  in 
198  assmnes  this  to  be  the  case.  But  again,  -/^ths  of  W7  may 
be  transmitted  to  the  right  abutment,  and  -^^ths  to  the  left,  through 
the  diagonals  of  its  own  system,  and  similarly  with  Wg  (10).  This 
is  assumed  to  be  the  case  for  the  passing  load  in  the  example  in  199. 
*  Hence,  there  is  a  slight  ambiguity  respecting  the  strains,  asthey  may 
go  in  either  way,  or  partly  in  one,  partly  in  the  other,  just  as  it  is 
impossible  to  say  how  much  pressure  is  transmitted  through  any 
one  leg  of  a  four-legged  table.  If,  however,  the  girder  be  strong 
enough  to  sustidn  the  strain  in  whichever  way  it  can  be  conveyed  the 
safety  of  the  structure  is  secured,  and  practically  there  is  a  very 
slight  difference  in  the  resulting  strains  whichever  method  of  calcu- 
lation is  adopted.  It  may  be  thought  that  the  ''  principle  of  least 
action  **  will  necessarily  determine  the  direction  of  the  strains,  t.«., 
that  they  will  take  that  direction  in  which  the  work  done  is  a  mini- 
mum ;  practically,  however,  a  slight  inaccuracy  in  the  exact  length 
of  the  bars  will  doubtless  determine  the  direction  they  will  take.  It 
ought  also  to  be  admitted  that  a  structure  will  stand  as  long  as  it 
has  not  exhausted  the  whole  of  its  possible  conditions  of  stability, 
and  it  is  therefore  sufficient  assurance  that  any  structure  will  stand 
if  we  prove  that  a  certain  state  of  stability  can  be  realised. 

189.  Flanse-straliM  caleolated  by  moments. — ^When  cal- 
culating the  strain  in  any  bay  of  a  lattice  girder  by  the  method 
of  moments  (104),  we  must  not  neglect  the  moments  of  the  strains 
in  the  diagonals.  That  part  of  the  girder  represented  in  Fig.  60, 
for  instance,  which  is  to  the  left  of  a  line  drawn  through  bays  a  and  6, 
is  held  in  equilibrium  by  the  reaction  of  the  left  abutment,  the  weights 
W|,  W,,  and  W,,  the  horizontal  forces  at  a  an^  6,  and  the  oblique 
forces  in  diagonals  4,  5,  13'  and  14'.  The  moments  of  the  former 
pair  of  diagonals  are  opposed  to  those  of  the  latter  pair,  but  they 
seldom  balance  exactly.  Hence,  the  strains  in  two  bays  vertically 
over  each  other  are  rarely  precisely  the  same  in  value,  but  differ  by 
an  ampunt  equal  to  the  horizontal  component  of  the  strains  in  the 
diagonals  which  are  intersected  by  a  line  joining  them;  this,  indeed, 
is  true  whether  the  bays  lie  vertically  over  each  other  or  not,  and 


<- wC 


118  oiRDEBS  y/mn  parallel  flanges       [chap.  v. 

is  merely  a  modification  of  the  law  stated  in  5§.  Again,  it  would 
be  erroneous  to  expect  that  the  strains  in  the  bays  of  braced 
girders  when  uniformly  loaded  must  necessarily  agree  precisely 
with  those  obtained  by  eqs.  23  or  25.  In  some  cases  it  happens 
that  they  do  so  agree,  but  in  general  they  are  only  close  approxima- 
tions. This  arises  from  our  assuming  that  the  load  in  braced  girders 
is  concentrated  at  the  apices,  in  place  of  being  uniformly  distributed. 
In  Fig.  60,  for  instance,  the  load  on  the  extreme  half -bays  is  assumed 
to  rest  directly  over  the  pillars,  while  that  on  the  two  central  half -bays 
is  assumed  to  rest  exactly  on  the  central  apex ;  consequently,  these 
portions  of  the  load  are  neglected  in  calculating  the  central  strains 
in  the  flanges  by  the  method  of  moments.  If,  however,  the  moments 
be  calculated  on  the  supposition  that  these  loads  act  at  their  centres 
of  gravity,  t.tf.,  at  a  distance  from  the  pillars  equal  to  a  quarter-bay, 
and  at  a  distance  from  the  centre  also  equal  to  a  quarter-bay,  the 
strain  at  the  centre  will  agree  with  that  obtained  by  eq.  25. 

18S.   Webj  second  metbod* — The  strains,  in  the  bracing  of 
lattice  girders  subject  to  passing  loads  of  uniform  density  may  be 
expressed  by  an  equation  obtained  in  the  following  manner : — 
Let  W  =  the  passing  weight  on  each  apex, 

I  =  the  number  of  bays  in  the  span  (=  16  in  Fig.  61), 
k  =  the  number  of  systems  of  triangles,  t.«.,  the  number 
of  bays  in  the  base  of  one  of  the  primary  triangles 
(=  6  in  Fig.  61), 
2'  =  the  maximum  strain  which  any  given  diagonalsustains 

from  the  passing  load, 
n  =  the  number  of  bays  between  the  given  diagonal  and 
one  of  the  abutments,  measured  along  the  loaded 
flange, 
p  =  the  integral  number  of  times  that  its  own  system 
occurs  between  the  given  diagonal  and  the  same 
abutment,  measured  also  along  the  loaded  flange 


(=  the  integral  part  of -r). 


0  =  the  angle  which  the  diagonals  make  with  a  vertical 
line. 
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Sappose  tbe  load  traveraing  the  apper  flange  of  F!g.  61 ;  diagonal  a 
sustains  the  maximum  compressive  strain  when  W,  and  Wg  rest 
upon  the  girder,  and  in  general,  each  brace  will  sustain  the  maxi- 
mum strain  when  the  passing  load  covers  onl^  one  segment — which 
segment  may  be  easUy  seen  by  inspection  (laO) — bat  the  stnun  it 
Bustiuna  is  dae  to  those  weights  alone  which  rest  on  the  apices  of  its 
own  system.  If,  for  example,  there  are  n  bays  between  the  top  of 
diagonal  a  and  the  left  ^utment,  then,  on  the  principle  of  the  lever, 
the  portion  of  W,  which  is  transmitted  to  the  right  abutment 

through.a  =  ^W' ;  and  of  W,  =  ■  ■  W.  The  maximum  com- 
pressive stnun  in  diagonal  a  is  equal  to  the  sum  of  these  quantities 

V 

T' 

strain  in  any  given  diagonal  due  to  the  passing  load, 

S'  =(n  +  W^^  +  n  —  2k  +  n  — at  + H  —  pk)^sec0, 

or  summing  Uiese  up, 

S'=(»-^).(y  +  l)^.«!9.  (128) 

The  maximum  tension  in  a  =  the  maximum  compression  in  b  (170), 
and  2'  will  represent  compressive  or  tensile  strains  according  as  the 
load  traverses  the  upper  or  lower  flange. 

£i.  Let  Fig.  S2  ropmeat  a  lnUice  girder  SO  feet  long  and  6  feet  deep,  wlioie 
tmcdng  oonauta  of  two  lyitenu  of  right  angled  tnangles  with  the  load  IraTening  the 
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Let  the  pennmntnit  bridge-lokd  sqiKl  hiil  ft  ton  per  mimiiig  foot,  Mid  the  heaviMt 
•oing  train  of  unifonn  demdt;  eqokl  one  ton  per  foot.    Then  we  hftve, 
W  =  2'G  torn  at  each  apex  &om  the  pernuuient  load, 
W  =  S  torn  at  each  Mfex  from  the  pMUi^  train, 
•  =  45% 
1  =  18. 

i  =  a, 

Wwce  =  3-54  torn. 


;-«rt  = 


I 


I'Mtc 


The  itrdni  In  toDi  are  ^ven  In  the  following  table,  the  Dntiib«n  in  Uie  flnt  colmnit 
of  which  lepreaent  the  diagonali  in  Fig.  S2.  He  Sod,  Brd,  and  1th  colnnma  wxb  the 
coeffitaenta  in  eq.  123,  from  which  the  nrmTJmnm  gtisiiu  pnduceil  by  QiB  pawing 
load,  columm  C  and  T',  are  dsrived.  The  ibaini  produced  by  the  permanent 
bridge-load  (columo  Z)  are  obtained  from  eq.  120,  oheervltig  that  the  coeffident 
n  in  that  equation  now  repreaenta  the  number  of  wdghts  belonging  to  its  own  Byitam 
which  ocenr  between  any  giveax  diagonal  and  the  oentro  of  the  girder  (1>6}.  Hie 
lait  two  oolmcni,  C  and  T,  give  the  abeolnte  unarimnTin  itnuna  dae  to  both  permanent 
and  puting  loada ;  these  are  obtained  by  adding  oolomiu  C  and  T'  anceeaaiTely  to 
oolmnnX 


DlaiBBili, 

» 

7 

(-¥)<'+■> 

C 

T' 

1 

C 

T 

Ton* 

Ton* 

Tom. 

Tona. 

Ton*. 

at 

-28-2 

+  14-2 

+  42-4 

Be 

r21-6 

+  12  4 

+  S7-0 

19 

-21-6 

— "b-* 

+  10-8 

+  82-2 

4 

12 

-18-6 

—  0-9 

+   8-9 

+  27'* 

S8 

-158 

—   1-8 

+  7-1 

+  aa-9 

so 

-IS'2 

—   2-6 

+   5-S 

+  18-6 

2G 

rll'O 

—    4-0 

+  8'a 

+  14-5 

—  0-B 

20 

h   8'8 

—  s-s 

+    1-8 

+  10-8 

—   8-B 

IS 

■   7-0 

—  7-0 

+   7-0 

—  7-0 

13 

6-8 

—   8-8 

— ""l-8 

+    88 

-10-6 

0 

•    10 

—  11-0 

—  SB 

+   0-6 
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6 
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—   6S 

—  18-5 
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— 16'8 
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The  TnaTimnm  rtrains  in  the  flanges  oocar  when  the  passing  load  oorers  the  whole 
girder.  Thej  are  most  conveniently  obtained  by  the  aid  of  a  diagram,  as  described  in 
196,  and  are  given  in  the  following  table,  the  letters  in  the  upper  rows  of  which  refer 
to  the  bays  in  Fig.  62.    The  figures  in  the  lower  row  represent  the  strains  in  tons. 


Bays, 

A 

B 

C 

D 

E 

F 

Q 

H 

Strains  in  tons, 

+  26-8 

+  78-8 

+ 123-8 

+ 161-8 

+ 191-8 

+  213-8  +  228-8 

+  286-8 

Bays, 

1 

J 

K 

L 

M 

N 

O 

P 

Strains  in  tons, 

-80 

-82-6 

— 127-6 

—  166 

—  196 

—  217-6 

—  232-5 

—  240 

The  compressive  strain  in  each  of  the  end  pillars  is  equal  to  the  vertical  component 
(shearing-strain)  of  the  end  tension  diagonal  plus  the  load  resting  on  the  last 
half -bay ;  it  reaches  its  maxjiiium  when  the  girder  is  loaded  all  over,  in  which  case 
it  equals  26*26  +  8*76  =  80  tons  on  each  pillar. 
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CHAPTER  VI. 

GIEDEB8  WITH   PAEALLEL   FLANGES   CONNECTED   BT   TEETICAX 
AND  DIAQOHAL  BBACING. 

184.  iBtradactorr. — In  the  preceding  chapter  our  attention 
waa  confined  to  that  form  of  braced  web  which  consists  of  isosceles 
triangles.  There  is,  however,'  another  class  of  bracing  in  common 
use  which  consists  of  right-angled  triangles,  the  braces  bdng  alter- 
nately vertical  and  oblique.  Beudes  its  employment  in  the  webs 
of  ^rdera,  this  spet^es  of  bradng  is  extensively  used  in  scaffolding 
and  for  stiffening  the  platforms  of  suspension  bridges,  but  more 
especially  for  horizontal  cross-bracing  between  the  flanges  of  lai^e 
girder  bridges,  eo  as  to  strengthen  them  agunat  ude  pressure, 
Mrhether  arising  from  the  wind  or  other  sources.  The  ordinary 
form  of  plate  girder  is,  as  will  be  shown  hereafler,  a  modification 
of  this  form  of  bracing.  Since  the  verticals  may  act  as  struts,  and 
the  diagonals  as  ties,  or  vice  vend,  each  of  the  following  cases  might 
be  subdivided ;  this,  however,  is  unnecessary,  as  in  each  case  it  will 
be  evident  on  inspection  whether  any  given  brace  is  designed  to 
act  as  a  strut  or  a  tie. 


— GIBDEBS  SUPPORTED  AT  BOTH   ENDS  AND   LOADED  AT 
AN  INTEBHEDIATE  POINT. 
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185.  Let  W  =  the  weight,  dividing  the  girder  into  segments 

containing  respectivelj  m  and  n  bays, 
I  zz  m  +  n  z=  the  number  of  bays  in  the  span, 
0  =  the  angle  between  the  diagonal  and  vertical 

braces, 
2  =  the  strain  in  a  diagonal  brace, 
^'  =  the  strain  in  a  vertical  brace. 

On  the  principle  of  the  lever,  -j  W  is  transmitted  to  the  right 

abutment  through  the  bracing  of  the  right  segment  (10).     Hence, 
the  strain  in  each  vertical  of  the  right  segment, 

2'  =  'JW  (124) 


Smilarly  in  the  left  segment. 


n. 


2'  =  ^W  (125) 

These  strains  in  the  verticak  are  identical  with  the  shearing- 
strain  of  S4.  The  strains  in  the  diagonals  are  the  same  as  in  Case 
III.  of  the  preceding  chapter,  that  is,  they  equal  the  foregoing  strains 
in  the  verticals  multiplied  by  secO  (see  eqs.  115  and  116).  The 
stnuna  in  the  flanges  may  be  found  by  the  aid  of  a  rough  diagram  of 
coeffidents  in  the  diagonals  (159),  or  more  simply,  by  adding  the 

success  ve  increments  at  the  apices,  each  of  which  is  equal  to  j  Wtan9 


n 


or  2  Wtan9,  according  as  the  apex  lies  to  the  right  or  left  of  W. 

IM.  Stegle  moYiBfp  load. — If  the  load  move,  the  girder 
must  be  counterbraced  (1S8);  this  may  be  effected  either  by 
counterbracing  the  existing  braces,  or  by  adding  a  second  series  of 
diagonals.  In  the  latter  case  there  will  always  be  certain  braces 
not  acting  when  the  load  is  in  any  given  position ;  thus,  when  the 
weight  rests  as  represented  in  Fig.  63,  and  the  verticals  are  in 
compression,  the  dotted  diagonals  are  free  firom  strain. 

187.  TnuMcd  Itoan. — The  trussed  beam  of  the  gantry  or 
travelling  crane.  Fig.  64,  is  a  familiar  example  of  vertical  and 
diagonal  bracing.    It  is,  however,  seldom  counterbraced  by  the 
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dotted  dif^onals ;  hence,  when  the  weight  rests  on  a,  the  tension  rod 
ede  tends  to  straighten  iteelf  and  thrust  b  upwards.  This  is  counter- 
acted b;  the  stiffiiese  of  the  horizontal  beam,  abe,  which  is  generally 
formed  of  a  whole  balk  of  timber.  Fig.  64  when  counterbraced  U 
a  simple  form  of  girder  for  email  bridges,* 


CASE  II. — QIKDEKS  SCFPOBTED  AT  BOTH  ENDS  AND  LOADED 
UHIFOBMLT. 


tSS.  ity  reasoning  similar  to  that  nsed  in  Case  IV.  of  the  preced- 
ing chapter,  it  may  be  shown  that  each  brace  euataina  a  atr^n  which 
is  due  to  all  the  weights  between  it  and  the  centre  of  the  girder. 
Let  W  =  the  weight  resting  on  each  apex, 

n  =:  the  nmnber  of  w^hts  between  any  given  brace  and 

the  centre  of  the  girder, 
9  =  the  angle  between  the  diagonal  and  vertical  braces, 
S  =  the  stnun  in  a  diagonal, 
X'  =  the  strain  in  a  vertical. 

*  The  nilwfty  bridge  otot  ttie  Wye,  near  Chepatow,  erected  by  the  late  Mr.  Bnmel, 
ll  an  aumple  of  tliis  tnia  on  a  glgautlo  i^le,  (8se  Ctarh  on  tki  Tubular  Bridgtt, 
p.  101).  The  road,  howerer,  ii  attached  to  the  lover  flange^  Im^  ^  nnall  bridge*  it  !■ 
niual  to  place  Uia  tmn  npwaids,  like  Fig.  S4  inrertad,  for  tbii  anangement  leana 
gieater  headway  beneath,  and  aa  the  brua  fomu  part  of  the  haod-i^  it  antwan  a 
double  pnrpoaa. 
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The  etnun  in  each  vertical  equals  the  ahearing-strun  of  46,  that  is, 
S'  =  nW  (126) 

The  sti^ii  in  each  diagonal, 

S  =  nW««;e  (127) 

The  increnient  of  strain  at  each  apex  =  nWfand  where  n  =  the 

number  of  weights  between  the  diagonal  which  iotersects  that  apex 

and  the  centre;  the  suoceflaive  additions  of  these  increoienbi  will 

give  the  resultant  etnuns  in  the  several  bays. 


CASE  III.—  GIBDEBB  8UPP0BTED  AT  BOTH  ENDS  AND  TBATEBSED 

BT  A  TBAIN  OF  UNIFOBH  DENSITT. 

Fig.  S6. 


199.  Wcfe. — When  the  load  traTerses  the  upper  flange,  each 
Terticsl,  if  acting  as  a  strut  (Fig.  66),  Bustuns  the  maximum 
•train  when  the  passing  load  rests  on  its  own  apex  and  on  those 
between  it  and  the  iarther  abutment:  if  acting  as  a  tie  (Fig.  67), 
when  its  own  apex  is  free  from  load  and  those  between  it  and  the 
fiuther  abutment  are  loaded. 

When  the  load  traveraes  the  lower  flange,  each  vertical,  if  acting 
as  a  strut  (f^g.  66),  sustains  the  nuudmnm  strain  when  its  own  apex 
is  free  from  load  and  those  between  it  and  the  farther  abutment 
are  loaded ;  if  acting  as  a  tie  (Fig.  67),  when  its  own  apex  and  those 
between  it  and  the  &rther  abutment  are  loaded. 
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The  ma^mani  strtun  in  any  diagonal,  if  in  teneion  (Fig.  66)^ 
occurs  when  the  load  rests  on  each  apex  between  it  and  the  ahnt- 
ment  from  which  it  slopes  upwards;  if  in  compression  (Fig.  67), 
when  the  load  rests  on  each  apex  between  it  and  the  ahntment  from 
which  it  slopes  downwards  (170). 

Let  W  =  the  passing  weight  on  each  apex, 

n  =  the  number  of  weights  resting  on  the  girder  in  the 

foregoing  cases  of  maximum  strain, 
I  =  the  number  of  hays  in  the  span, 
d  =  the  angle  between  the  diagonal  and  vertical  braces, 
S  =  the  maximum  strain  in  a  diagonal, 
S'  =  the  maximum  strain  in  a  vertical. 
The  maximum  strain  in  any  vertica]  is  represented  by  the  follow- 
ing arithmetical  series : — 


2'  =  (l  +  2  +  3  +  4  +  ....n)- 

n(H.n)  W 
S 2 j- 

nilarly,  the  maximum  strain  in  any  diagonal. 


(128) 


j.^n(M:n)  W'^  (129) 

The  absolute  maximam  strains  in  girders  subject  to  both  fixed 
and  passing  loads  are  found  by  tabulating  the  Etrains  produced  by 
each  class  of  load  separately,  and  then  adding  or  subtracting  them 
according  as  they  are  of  the  same  or  of  opposite  kinds  (m). 


CASE   IV. — I^TTICE   aiBDEBS   SUPPORTED   AT   BOTH    ENDS    AND 

TRAVERSED   BY  A   TRAIN   OF   UNIFORH   DENSITY. 

Fig.  63. 
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100.  Wel^ — ^In  this  form  of  latticing  the  verticals  are  generally 
constmcted  so  as  to  act  as  struts  and  the  diagonals  as  ties,  in 
which  case  the  dotted  diagonals  are  theoretically  unnecessary. 
Let  W  =  the  passing  weight  on  each  apex, 

I  =  the  number  of  bays  in  the  span  (=  10  in  Fig.  68), 
k  =  the  number  of  systems  of  right-angled  triangles,  t.«., 
the  number  of  bays  in  the  base  of  one  of  the  primary 
right-angled  triangles  (=  2  in  Fig.  68), 
T  =  the  maximum  tensile  strain  which  any  given  diagonal 

sustains  from  the  passing  load, 
n  =  the  number  of  bays  between  the  foot  of  the  given 
diagonal  and  that  abutment  from  which  it  slopes 
upwards, 
p  =  the  integral  number  of  times  that  its  own  (right-angled) 
system  occurs  between  the  foot  of  the  diagonal  and 

the  »»e  .but^eo.  =  «.e  i.^  p^  of  ? 

0  =:  the  angle  between  the  diagonal  and  vertical  braces. 

It  may  be  shown  by  reasoning  similar  to  that  employed  in  188, 
that  the  maximum  tensile  strain  in  any  diagonal, 

T  =  (n-^\ip  +  1)^'  seed  (130) 

The  maximum  compression  in  any  vertical  equals  the  maximum 
tension  in  one  of  the  conterminous  diagonals  divided  by  seed.  If 
the  load  traverses  the  upper  flange,  take  the  diagonal  intersecting 
at  bottom  on  the  side  remote  from  the  centre.  If  the  load  traverse 
the  lower  flange,  take  the  diagonal  intersecting  it  at  top  on  the  side 
next  the  centre. 

191.  Knd  pillars — ^Ijnblirntty  refspeetfnv  strains  In  tmitj 
deslirns* — In  this  form  of  latticing  the  end  pillars  are  subject  to  a 
severer  transverse  strain  than  in  the  isosceles  latticing  described  in 
the  preceding  chapter  (180).  In  the  present  case  the  end  pillars 
must  be  made  sufficiently  strong  to  sustain  the  horizontal  com- 
ponents of  all  the  diagonals  which  intersect  them  between  the  flanges. 
This  inconvenience  may  be  remedied  by  introducing  short  diagonal 
struts,  such  as  a,  a.  Fig.  68,  which  will  relieve  the  end  pillars  of  a 
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certain,  though  indefinite,  amount  of  transrerse  strain,  and  at  the 
same  time  diminish  the  compression  in  the  bay  c  and  the  vertical  d. 
Both  diagonals  and  verticals  are  occasionally  constructed  so  as  to 
act  indifferently  either  as  struts  or  ties ;  in  such  designs  calculation 
is  at  fault,  for  the  strains  may  pass  through  the  isosceles  system 
of  triangles  alone,  or  through  the  vertical  and  diagonal  system 
alone,  or  partly  through  one  and  partly  through  the  other.  In 
such  designs  there  will  generally  be  found  a  certain  waste  of 
material. 
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CHAPTER  VII. 

BBAGED  GIRDERS  WITH  OBLIQUE  OB  OUEVED  FLAKOE8. 

IM.  Mntro^metowj — CMcnlatloii  hj  Aasram. — The  class  of 
braced  girders  to  which  onr  attention  has  been  directed  in  the  two 
preceding  chapters  is  characterized  by  the  parallelism  of  the  flanges. 
We  have  seen  that  the  strains  in  each  part  vary  according  to  the 
position  of  the  load,  and  that  they  may  be  calculated  by  simple 
formnte  with  a  degree  of  accuracy  which  leaves  nothing  further 
to  be  desired.  I  now  propose  investigating  braced  girders,  one  or 
both  of  whose  flanges  are  oblique  or  curved.  The  A  truss  and  the 
bowstring  girder  may  be  taken  as  the  chief  representatives  of  this 
class,  which  also  includes  cranes  of  various  kinds,  crescent  girders 
and  the  braced  arch.  Formulae  for  strains  are  unsuited  to  this 
species  of  bracing  on  account  of  the  various  inclinations  of  the 
several  parts  of  the  structure.  Instead,  we  have  recourse  to 
carefully  constructed  diagrams  in  which  strains  are  represented 
to  scale,  by  the  aid  of  which,  however,  a  degree  of  accuracy  is 
attainable  which  is  practically  nearly  as  perfect  as  that  obtained 
by  the  application  of  formulae  to  the  girders  described  in  previous 
chapters.* 


CASE  I. — BENT  SEMI-OIBDEBS   LOADED  AT  THE   EXTREMITY. 


K 


19S.  Derrick  crane. — The  derrick  crane,  Fig.  69,  consists  of  a 
revolving  post  P,  a  jib  J,  a  chain  or  tie-bar  T,  and  two  back-stays, 
one  of  which  is  shown  at  B,  the  other,  lying  in  a  plane  at  right  angles 
to  that  of  the  figure,  is  not  represented,  being  hidden  by  the  post. 
The  derrick  crane  is  generally  made  of  wood.     It  is  simple  in  con* 

*  Curved  flanges  are  aasumed  to  be  polygonal,  i.0.,  formed  of  straight  lines  joining 

the  apices  (144). 

K 
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Btruction  and  eaaily  erected.     Hence,  it  is  well  adapted  for  temporary 
works,  as  also  for  quarries  or  other  mtustions  where  the  back-stavs 
Fig.  SB  do  not  interfere  with 

the  traffic.  At  the 
peak  A,  three  forces 
meet,  viz.,  the  down- 
ward pull  of  W,  the 
tension  of  the  tie-bar 
T,  and  the  oblique 
thrust  of  the  jib  J. 
Since  these  three 
forces  are  in  equili- 
brium, their  relative 
timounts  mny  be  represented  by  tlie  sides  of  the  triangle  PTJ  (9). 

Hence,  the  tension  of  the  tie-bar  =  =W,  and  the  compression  of 
the  jib  =  pW. 

If  the  chain  pass  along  T,  and  so  over  a  pntley  at  b  down  to  the 
chain  barrel  bolted  to  the  foot  of  the  post,  it  relieves  the  tie-bar 
of  an  amount  of  tension  equal  to  that  in  the  chun,  namely,  W 
divided  by  the  number  of  falls  in  the  hanging  part  of  the  chain.* 

If,  however,  the  chiun  pass  along  the  jib,  the  compression  of  the 
latter  is  increased  by  an  amount  equal  to  the  tension  of  the  chtun. 
The  tension  in  T  being  known,  the  strains  in  the  post  and  back- 
stays, which  are  its  components,  are  easily  found.  This  operation 
is  most  conveniently  performed  by  the  aid  of  a  skeleton  diagram 
(Fig.  69)  drawn  accurately  to  scale.  Let  the  jib  and  one  back-stay 
lie  in  the  same  plane.     Lay  ofTic  by  scale  to  represent  the  tension 

in  Tl  =  pWl,  and  draw  cd  parallel  to  B;  then  cd,  measured  by 

the  same  scale,  will  represent  the  tennon  in  the  back-stay,  and  bd 
the  compression  of  the  post.     In  this  case  the  second  back-stay  ia 

*  Thii  U  not  kccimtely  true,  for  ttie  friotiait  of  the  bloclo,  pulleys,  Ac,  mcreaMe  or 
dimlniabe*  the  teniioD  of  the  chun,  aoconiuig  u  the  weight  happeiu  to  be  raiead  or 
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free  from  Btrun,  but  when  the  jib  does  not  lie  in  the  same  plane  with 
either  back-Btay,  both  back-etayi  are  subject  to  strain;  to  a  less 
d^ree,  however,  than  in  :tbe  case  already  considered,  as  will  appear 
Irom  the  following  conudera^ns.  Let  fig.  70  represent  a  plan  of 
rig.  70.  the  crane,  bh  and  bk  being  the 

horizontal  projections  of  the 
back-stays,   and   (A  that  of 
the  tie-bar  and  jib;  let  be 
represent  the  horizontal  com* 
ponent  of  the  tension  in  the 
tie-bar  (equal  ce  in  Fig.  G9), 
then  bf  and  bg  will  represent 
the  horizontal  components  of 
the  strains  in  the  back-stays,  and  hence,  the  strains  in  the  back- 
stays can  be  found.     It  is  obvious,  however,  that  either  bf  or  bg 
will  attmn  its  maziinum  when  the  tie-bar  lies  in  the  same  plane 
with  one  of  the  back-stays.    Hence,  the  former  case,  in  which  the 
jib  and  one  back-stay  lie  in  the  same  plane,  is  sufficient  for  us  to 
consider  when  calculating  the  requisite  strength  of  the  stays. 

The  strain  in  the  post  attmns  its  greatest  value  when  the  plane 
of  the  tje-bars  and  jib  bisects  the  angle  between  the  back-stays,  for 
then  the  sum  of  &/and  bff  is  maximum,  and  consequently,  the  sum 
of  the  vertical  components  of  the  strains  in  the  stays  is  maximum 
also.  But  the  strain  transmitted  through  the  post  is  equal  to  the 
■um  of  these  vertical  components  -|-  or  —  the  vertical  component  of 
the  tension  in  the  tie-bar,  according  as  the  latter  slopes  downwards 
or  upwards  from  the  head  of  the  post.  The  back-stays  act  some- 
times as  struts,  sometimes  as  ties,  and  when  the  jib  is  swung  round, 
Ki  as  to  Ue  alongside  one  of  the  back-etays,  the  latter  will  sustain 
its  maximum  compression,  equal  to  the  maximum  tension  produced 
when  the  jib  and  stay  lie  in,  the  same  plane.  The  radius  of  tlie 
circle  described  by  the  jib,  or  the  range  of  the  derrick,  is  generally 
capable  of  adjustment  by  lengthening  or  shortening  the  tie-bar,  which 
ii  then  a  chun  attached  to  a  small  auxiliary  crab-winch  fastened  to 
the  post  near  the  working  barrel,  in  which  case  the  working  chain 
puses  along  the  jib.     This  form  of  derrick  is  convenient  for  setting 
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masoniy,  as  its  range  u  equal  to  a  circle  described  by  the  jib  when 
nearly  horizontal,  in  which  position  moreover  the  crane  is  most 
severely  struned. 

194.  Wharf  cTMir. — The  wharf  cmne,  unlike  the  derrick  crane, 
has  no  back-stiiys.     Consequently,  the  post  is  subject  to  transverse 
^-  71.  strain  frcHn  the  oblique  pull 

I  of  the  tie-bar ;  it  is  in  &ct 

I  a   semi-^rder   fixed   in   the 

ground    and   loaded  at  the 
extremity.     The  strains  in 
the  tie-ber  and  jib  are  cal- 
culated in  the  same  way  as 
for  the  derrick  crane.     The 
bending    moment    (S9)    of 
the  post  attains  its  greatest 
value  at  itti  intersection  with  the  ground,  and  equals  the  horizontal 
component  of  the  tenuon  in  T  multiplied  by  the  height  of  the  post 
above  ground.    It  may,  however,  be  more  conveniently  found  as 
follows : — 

The  whole  crane  above  oc  (the  ground  line,)  ie  a  bent  semi-^rder 
held  in  equilibrium  by  the  weight  and  the  elastic  forces  at  a  (in  this 
case  vertical).  Taking  moments  round  either  the  centre  of  tension 
or  the  centre  of  compresfflon  at  a  (A§),  we  have  the  bending  moment 
=  Wr,  where  »■  =  the  radius  of  the  circle  described  by  the  jih.  From 
tins  it  follows  that  the  transverse  strain  at  a  is  cot  affected  by  increas- 
ing the  height  of  the  post,  which,  however,  diminishes  the  strains  in 
the  jib  and  the  tie-bar,  and  is  so  far  attended  vrith  advantage ;  neither 
is  it  affected  by  iwung  or  lowering  the  peak  of  the  jib  in  the  some 
vertical  line.  It  also  follows  that  the  transverse  strtun  on  the  post 
is  increased  when  the  weight  is  farther  out  than  the  circle  described 
by  the  jib,  for  the  leverage  of  W  is  then  increased  and  attains  its 
greatest  value  when  the  chain  ie  at  right  angles  to  the  jib.  If  the 
post  be  fixed  in  the  ground,  the  frame,  to  which  the  jib,  tie-bar  and 
wheelwork  are  attached,  ie  generally  suspended  by  a  cross  head  from 
the  top  of  the  post  which  forms  a  pivot  round  which  the  cross-head 
turns.     In  this  form  of  crane  the  w^ght  ie  transmitted  from  the  pivot 
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through  the  whole  length  of  the  post  in  ad^tion  to  the  longitudinal 
strains  to  which  as  a  semi-girder  it  is  liable,  and  the  section  of  the 
post  should  theoretically  be  circular  (M),  since  it  may  be  equally 
strained  in  all  directions.*  When  the  post  revolves  on  its  axis,  the 
jib  and  wheelwork  are  bolted  to  it  and  all  move  together  on  a  pivot 
at  the  toe-plate  6.  In  this  case  the  post  should  be  double-flanged. 
The  underground  portion  is  subject  to  a  vertical  compression  equal 
to  the  weight  (viz.,  the  difference  of  the  vertical  components  of  the 
strains  in  the  jib  and  tie-bar,)  in  addition  to  the  lon^tudinal  strain 
derived  from  its  acting  as  a  semi-girder.  When  the  post  moves  round 
its  axis,  friction  rollers  may  be  advantageously  placed  between  the 
post  and  a  curb  plate  which  is  secured  to  the  masonry  at  a. 

To  find  the  amount  and  direction  of  the  pressure  at  the  toe,  join 
b  with  a  point  e  vertically  beneath  W.  The  whole  structure  is 
balanced  by  three  forces,  viz.,  the  weight  W9  the  horizontal  pressure 
against  the  curb  plate  at  a,  and  the  pressure  on  the  toe  at  6.  The 
two  former  forces  pass  through  e;  consequently,  the  latter  intersects 
them  at  the  same  point  (9).  Hence,  the  sides  of  the  triangle  abc 
represent  the  relative  amounts  of  these  forces,  and  we  have  the 

horizontal  component  of  the  oblique  pressure  at  b  equal  gW.     The 

vertical  components  equals  W,  which  is  otherwise  evident. 

195.  Beni  crane. — This  form  of  semi-girder  has  been  adopted 
for  wharf  cranes  where  head-room  b  required  dose  to  the 
post.  The  flanges  may  be  equi-distant,  as  in  Fig.  72,  though  a 
more  pleasing  form  is  produced  by  bringing  them  closer  together 
as  they  approach  the  peak.t 

The  weight  W  is  supported  by  diagonal  1  and  the  first  bay  in  the 
lower  flange  E,  producing  tension  in  the  former  and  compression 

*  Square  tubular  posts  boilt  of  boiler  plates  with  angle*  iron  at  the  comers  form 
▼ery  simple  and  efficient  posts  for  small  cranes  not  exceeding  four  or  ^ye  tons. 

t  Tubular  cranes  of  this  form  were  first  made  with  plate  webs  by  Sir  Wm. 
Faubaim  {Proe.  Inat,  M,  J?.,  Part  I.,  1857),  and  the  braced  web  was  first  adopted  by 
William  Anderson,  Esq.,  in  a  six-ton  crane  erected  for  the  Goyemment  at  the  Pigeon 
House  Fort,  near  Dublin.  Mr.  Anderson  also  designed  a  vety  fine  twenty-ton  bent 
crane,  with  plate  webs,  for  the  Bussian  Gk>y6mment,  60  feet  high,  and  81 '*6"  radius. 
(TrasM,  IruL  C.  E.  of  Ireland^  Vols,  yi  and  viL) 
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in  the  latfer.  The  tension  of  diagonal  1  is  reaolved  at  d  into  ita 
components  in  the  direction  of  A  and  diagonal  2.  The  resultant 
of  the  stnuns  in  diagonal  2  and  £,  found  by  a  triangle  of  force,  is 
resolved  at  g  into  its  components  in  the  directions  of  the  third 
diagonal  and  F.  In  a  similar  manner  the  resultant  of  the  straine 
in  diagonal  3  and  A  is  resolved  into  its  componeate  in  diagonal  4 
and  B,  and  so  on  throughout  the  girder. 

Fi?.  72. 


An  example  (see  Fig.  73)  will  illustrate  this  fully,  and  the  student 
is  recommended  to  work  it  out  for  himself  by  the  aid  of  a  diagram 
drawn  accurately  to  a  scale  of  not  less  than  five  feet  to  one  inch. 
The  strains  may  be  represented  to  a  scale  of  ten  tona  to  one  inch, 
though  in  many  cases  a  larger  scale  will  be  found  preferable.  *  The 
flanges  are  equi-distant,  forming  quadrants  of  two  circles  whose  radii 
are  respectively  20  and  24  feet.  The  inner  flange  is  divided  into  four 
equal  bays,  on  which  stand  equal  isosceles  triangles,  and  a  weight  of 
10  tons  is  suspended  from  the  peak.  Draw  a&  vertically  and  equal 
to  10  tons  measured  on  the  scale  representing  struns,  and  draw  be 
parallel  to  E  so  as  to  meet  the  diagonal  1  produced  ;  be  and  ae 
represent  the  Btrains  in  E  and  diagonal  1,  and  measure  on  the  scale 

*  Boiling  pu«UeI  nilai,  IS  or  18  inolin  in  toigth,  willba  found  useful  forUyingofl 
pwoUel  Una  of  iti^. 
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of  strains  +  10'8  tons  and  —  13*1  tons  respectively.  Next,  take 
de  equal  13*1  tons  (=  ac),  and  draw  ef  parallel  to  diagonal  2,  so  as  to 
meet  A  produced;  ^/and  df  represent  the  strains  in  diagonal  2  and 
A,  and  measure  +  18*8  tons  and  —  21*7  tons  respectively.  Next, 
produce  diagonal  2  so  that  gh  may  equal  18*8  tons  (=  ef)^  and 
draw  hi  parallel  to  E  and  equal  10*8  tons  (=  frc) ;  ^  is  the  resultant 
of  the  strains  in  diagonal  2  and  E,  and  is  transmitted  through  F 
and  diagonal  3.  Draw  ik  parallel  to  F ;  ik  and  kg  will  represent 
the  strains  in  F  and  diagonal  3,  and  measure  +  30*5  tons  and  *i—  5*4 
tons  respectively.  Proceeding  in  this  manner,  we  obtain  the  (^trains 
given  in  the  following  table : — 


Bbacino,     . 

1 

2 

8 

4 

5 

6 

7 

8 

Stnins  in  toni^    . 

—181 

+18-8 

—5-4 

+21-4 

+8-2 

+20-5  +11-2 

+8-8 

Flavqu,     . 

A 

B 

C 

D 

E 

F 

Q 

H 

Stnins  in  tons,    . 

21-7 

—89-7 

—61-8 

—490 

+10-8 

+80-6 

+45-8 

+62-8 

106.  Calenlatloii  by  ■lomeiits.^It  is  prudent  to  check  the 
calculation  by  diagram  by  computing  the  strains  in  some  of  the 
bays  by  the  method  of  moments.  That  portion  of  the  prane  which 
extends  above  B/,  for  instance,  is  held  in  equilibrium  by  the  tension 
in  B,  the  weight  W,  and  the  forces  which  meet  at  /.  Taking 
moments  round  the  latter  point,  we  obtain  the  strain  in  B.  In  this 
example,  Bl  measures  3*55  feet,  and  the  horizontal  distance  of  I 
from  W  measures  14*12  feet;  hence,  we  have 

3-55  X  strain  in  B  =  1412  X  10  tons ; 
whence,  the  strain  in  B  =  39*8  tons,  which  agrees  closely  with  the 
former  result.  When  only  one  system  of  triangulation  is  adopted, 
the  strains  in  the  flanges  may  be  obtained  in  this  manner  by 
moments,  and  those  in  the  diagonals  may  afterwards  be  obtained 
by  decomposing  the  struns  in  the  flanges.  This  method  is  perhaps 
more  simple  in  practice  than  that  first  described,  and  has  a  farther 
advantage  that  errors  do  not  accumulate. 
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tVt.  loMlcc  wvbs  ■•<  8Bl(«d  Itor  powerful  beat  cvwies. — 

The  chief  merit  claimed  for  the  bent  crane  ib  the  large  amount  of 
head-room  it  allows  underneath  the  jib,  which  enable  boilerB  or  other 
bulky  articles  to  be  brought  close  up  to  the  peak.  This  merit, 
however,  is  balanced,  and  in  many  cases  more  than  balanced,  by  the 
greater  simplidty  of  the  ordinary  wharf  crane.  The  lattice  web  is 
not  well  suited  for  bent  cranes  exceeding  10  tons,  as  the  diagonal 
bars  become  so  wide,  and  leave  so  little  open  space,  that  plating 
may  be  advantageously  substituted  for  bracing. 


CASE  II. — THE  BRACED  SEUI-ARCH. 
Fig.  73. 


19S.  Swlnr  bridsr. — ^Thia  form  of  semi-girder  is  a  modification 
of  tlie  previous  case,  in  which  the  radius  of  the  upper  flange  becomes 
infinite;  it  is  suitable  for  swing  bridges,  in  which  case  the  end 
next  the  abutment  is  prolonged  backwards  with  parallel  flanges 
and  loaded  at  the  inner  extremity  with  a  counterpoise  weight  to 
balance  the  projecting  part.  This  backward  continuation  resembles 
the  semi-girder  described  in  Case  I.,  Chap.  V.  In  order  to  obtiun 
the  maximum  strains  when  a  concentrated  load  or  a  pasdng  titia 
traverses  the  girder,  we  must  first  calculate  the  strains  produced 
by  the  weight  on  each  apex  separately,  and  tabulating  these,  we 
can  find  what  position  of  the  load,  if  it  be  concentrated,  or  what 
weights,  if  there  are  several,  will  produce  maximum  stnuns  in  each 
part  of  the  structure,  and  the  methods  of  calculation  described  in 
the  preceding  case  are  applicable  to  this  one  also. 
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IM.  Siiisle  trianiTiilAtloB. — When,  however,  there  is  but  one 
system  of  triangles  in  the  bracing,  the  following  plan  is  more  simple 
in  practice,  and  as  errors  do  not  accumulate,  it  is  less  liable  to 
inaccuracy.  Suppose  a  weight  resting  on  the  extremity  of  the 
girder;  on  examining  the  forces  which  hold  any  portion  CaW| 
in  equilibrium,  we  find  that  two  of  them,  viz.,  the  weight  and 
the  horizontal  tension  in  C  pass  through  W| ;  consequently,  the 
third  force,  viz.,  the  resultant  of  the  strains  in  bay  Q  and  diagonal 
6  also  passes  through  W^  (9).  In  the  same  way  it  can  be  shown 
that  the  resultants  at  each  of  the  other  lower  apices  pass  through 
W|.  If  the  weight  rest  on  any  other  apex,  W^  for  example,  the 
resultant  strains  produced  by  it  at  each  lower  apex  pass  through 
W, ;  or,  to  express  this  more  generally,  the  residtant  strain  at  each 
apex  in  the  lower  flange  from  a  weight  at  any  apex  in  either  flange 
will  pass  through  the  tntersection  of  the  horizontal  flange  with  a 
vertical  line  drawn  t/irough  tlie  weighty  provided  there  he  hut  one 
system  of  triangulation.  Again,  since  the  horizontal  flange  transmits 
no  vertical  strains,  the  weight  must  be  conveyed  to  the  wall  through 
these  resultant  strains  at  each  lower  apex*  Their  vertical  com- 
ponents are  in  fact  the  shearing-strain  and  equal  to  the  weight; 
hence,  knowing  both  their  directions  and  their  vertical  components, 
we  can  find  their  amounts.  Thus,  the  resultant  strain  at  a  firom  W| 
may  be  found  as  follows : — ^Draw  a  vertical  line  afr,  equal  (by  a  scale 
of  strains)  to  W|,  and  draw  be  horizontally  till  it  meet  V/^a  produced ; 
ac  is  the  required  resultant,  and  may  be  resolved  into  its  components 
in  bay  Q  and  diagonal  6.  The  strain  in  the  latter  may  next  be 
resolved  at  W^  in  the  directions  of  bay  D  and  diagonal  7.  The 
former  component  is  the  increment  of  horizontal  strain  at  the  apex, 
and  when  added  to  the  sum  of  the  preceding  increments  gives  the 
resultant  strain  in  D.  The  strains  in  the  other  parts  may  be 
obtained  in  a  similar  manner. 

MIO.  Bxmnple* — ^The  foUowii^  example.  Fig.  73,  in  which  the 
strains  have  been  worked  out  on  a  diagram  drawn  to  a  scale  of  5 
feet  to  one  inch,  will  be  found  useful  practice  for  the  student.  The 
projecting  portion  of  the  girder  is  40  feet  long,  and  10  feet  deep  at  the 
wall,  with  a  circular  lower  flange  which  has  a  horizontal  tangent  two 
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feet  below  the  extremity  of  the  girder.  Consequently,  the  versine  of 
the  arch  is  8  feet,  and  its  radius  104  feet.  The  load  is  aniform  and 
equal  to  one  ton  per  running  foot,  which  for  calculation  is  supposed 
collected  into  weights  of  10  tons  at  each  upper  apex  except  the 
outer  one,  which  has  only  5  tons,  or  the  load  which  rests  on  half  a 
bay.     The  strains  have  been  calculated  for  each  weight  separately. 


w, 

w. 

w. 

w, 

TTnifoim 
Load. 

Max. 
Comp". 

Max. 
Tension. 

1 

Tons. 
+  12-7 

Took 

•  •• 

TODB. 

Tons. 

Tons. 
+  12-7 

Tons. 
+  127 

Tom. 

... 

2 

-    8-0 

■ 

••• 

-    8-0 

... 

—   80 

ti 

8 

+    6-9 

+  190 

••• 

+  24-9 

+  24-9 

... 

8 

4 

-   0-8 

-    9-8 

••• 

-10-1 

... 

—  10-1 

i 

5 

+    0-2 

+   7-8 

+  140 

+  21-6 

+  21-5 

... 

6 

+   2-7 

—  11 

—  7-6 

—  5-9 

+    27 

8-6 

7 

—  2-8 

+   0-9 

+    6-8 

+  117 

+  16-6 

+  18-9 

—  2-3 

8 

+   81 

+    1-7 

—  2-8 

—  7-2 

—  6-2 

+    4-8 

—  10-0 

A 

—  11-7 

•  •• 

••• 

•  •• 

—  117 

B 

—  241 

—  161 

••• 

•  •• 

-40-2 

C 

—  24-7 

—  29-7 

—   9-9 

•  •• 

—  64-8 

1^ 

D 

—  21-6 

—  80-8 

—  18-5 

—  6-2 

—  77-1 

E 

+  19-8 

••• 

••• 

••• 

+  19-8 

F 

+  25-2 

+  26-2 

••• 

••■ 

+  50-4 

Q 

+  28-9 

+  81-8 

+  15-9 

••• 

+  716 

H 

+  21-4 

+  821 

+  21-4 

+  10-7 

+  86-6 

The  reader  will  perceive  that  the  strain  produced  in  bay  H  by  W4 
is  half  that  produced  by  W„  and  one-third  of  that  produced  by 
W3,  and  in  general,  the  strains  produced  by  the  different  weights 
in  any  given  bay  will  be  sub-multiples  of  the  strain  produced  by  the 
most  remote  weight,  for  they  are  proportional  to  the  leverage  of  the 
weights  round  the  apex  above  or  below  the  given  bay.    This  check 
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on  the  accuracy  of  the  work  is,  however,  applicable  only  in  the  case 
of  a  single  system  of  triangulation.  The  strains  in  girders  of  this 
form  are  not  always  such  as  might  perhaps  be  expected  at  first 
sight ;  W|,  for  instance,  produces  compression  in  both  diagonals  6 
and  8,  and  in  bay  D  a  strain  of  less  amount  than  in  bay  C.  These 
apparent  anomalies  occur  when  the  resultant  at  the  lower  apex,  ac 
for  example,  passes  altogether  above  the  lower  flange. 

90]*  Lattice  seml^rch — Trlanir^lAr  seml-irirder* — When 
two  or  more  systems  of  triangulation  are  introduced,  the  strains  in 
one  system  produce  strains  in  the  others  in  consequence  of  the 
curvature  of  the  arched  flange,  and  this  renders  the  calculations 
more  tedious  than  would  otherwise  occur.  This  remark  applies 
to  all  arched  girders  with  lattice  webs.  In  this  particular  case  the 
calculations  would  be  much  simpler  if  the  girder  were  triangular 
with  a  straight  lower  flange,  since  each  bay  would  communicate  its 
strain  directly  to  the  adjoining  bay  without  affecting  the  diagonals 
at  their  junction,  but  this  form  of  semi-girder  has  the  disadvantage 
of  being  somewhat  unsightly  in  appearance,  which  in  some  cases 
might  prevent  its  adoption,  whatever  merits,  and  they  are  con- 
siderable, it  may  possess  in  other  respects.* 

ZWt.  iBTerted  semi-arch. — ^When  head-room  beneath  is  re- 
quired, we  may  invert  the  girder  represented  in  Fig.  73,  so  that 
it  will  resemble  one-half  of  a  suspension-bridge.  By  so  doing  we 
change  the  strains  in  kind,  but  not  in  amount. 

*  A  luffe  Iron  swing  bridge,  a  drawing  of  which  appeared  in  the  lUtutrated  London 
Sewi  for  October  12, 1861,  has  been  constracted  at  Brest,  in  France ;  it  is  fonned  of 
two  triangular  semi^girden  with  vertical  and  diagonal  bracing. 
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CASE   ni. — CEESCENT   61RDEB. 
1%.  74. 


•OS.  SaltaUe  Iter  reob — Fbwve*. — Frequent  tnodiScations 
of  the  crescent  girder  occur  in  the  roofs  of  our  rulway  stations  and 
crystal  palaces,  to  whidi  its  graceful  outline  and  lightness  of 
appearance  impart  an  air  of  elegance  which  no  other  form  possesses 
to  the  same  degree.  It  may  also  be  employed  for  bridges  where 
greater  headway  ie  required  beneath  the  centre  than  at  the 
abutments.  I  shall,  however,  merely  investigate  the  strains  pro- 
duced by  a  load  synunetric^y  disposed  on  both  sides  of  the 
centre,  such  as  a  roof  prindpal  generally  susttuns.  When  the 
girder  is  subject  to  a  partial  or  a  passing  load,  the  more  general 
method  of  calculating  the  strains  due  to  each  weight  separately, 
and  which  is  investigated  in  the  next  case,  beeomes  necessary. 
The  horizcsital  stnuns  at  the  centre  of  the  flanges  are  equal  and  of 
opposite  kinds;  their  amount  depends  upon  the  central  depth  of  the 
girder  and  may  be  found  by  the  method  of  moments  as  follows: — 
Let  W  =  the  load  symmetrically  distributed, 
I  —  the  span, 

d  =  the  central  depth  from  Sange  to  fiange  =  bH, 
I'  =  the  distance  of  the  centre  of  gravity  of  each  half  load 

measured  from  the  centre  of  the  girder, 
T  =  the  tension  at  the  centre  of  the  lower  fiange, 
C  =  the  compression  at  the  centre  of  the  upper  flange. 
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The  half  girder,  a&H ,  is  held  in  equilibrium  by  the  reaction  of  the 

left  abutment  f  =  -9  }  i  by  the  left  half  load  (which  we  may  conceive 

collected  at  its  centre  of  gravity),  and  by  the  horizontal  strains  of 
compressioa  and  tension  at  b  and  H.     Taking  moments  round  each 

of  these  latter  points  successively,  we  have  -yf «  —  ^'  1  =  "'"^  =  ^^5 
whence, 

T  =  C  =  W(^-20  (131) 

This,  which  is  merely  a  particular  form  of  eq.  25,  proves  that  the 
strains  at  the  centre  do  not  depend  uj/on  the  height  of  the  lower 
flange  above  the  chord  line,  but  upon  the  depth  of  the  girder  from 
flange  to  flange.  The  method  of  calculating  the  strains  in  other 
partes  of  the  girder  consists  in  working  by  the  resolution  of  forces 
from  either  abutment,  whose  reaction  is  a  known  quantity, 
towards  the  centre.  The  following  examples,  which  have  been 
worked  out  on  a  diagram  drawn  to  a  scale  of  5  feet  to  one  inch, 
and  with  strains  represented  by  4  tons  to  one  inch,  will  explain  this 
clearly. 

804.  fixample  1. — The  span  of  the  girder.  Fig.  74,  is  80  feet ;  the 
versines  of  the  flanges  respectively  10  ai^d  16  feet;  both  flanges  are 
circular  and  each  flange  is  divided  into  equal  bays,  with  the  excep- 
tion of  the  extreme  bays  of  the  lower  flange,  which  are  each  half  as 
long  again  as  the  other  bays.  The  load  is  supposed  equal  to  8  tons 
distributed,  so  that  each  apex  sustains  a  weight  of  one  ton ;  hence, 
the  reaction  of  each  abutment  equals  4  tons,  of  which,  however, 
half  a  ton  is  at  once  balanced  by  the  weight  of  the  first  half 
bay  of  the  roof  which  rests  directly  on  the  wall-plate.  Conse- 
quently, the  resultant  of  the  forces  in  A  and  E  =  3*5  tons  pressing 
downwards  on  the  wall.  Draw  oc  =  3*5  tons,  and  draw  cd  parallel 
to  E  until  it  meets  A  produced.  The  lines  ad  and  cd  represent 
the  strains  in  A  and  E,  and  measure  by  scale  +  12*25  tons  and 
—  10*43  tons  respectively.  Next,  lay  off  «/"  =  ad,  and  draw  fy 
vertically  equal  to  one  ton,  that  is,  equal  to  the  weight  at  the  first 
apex.     The  line  eg  is  the  resultant  of  the  strain  in  A  and  the  weight 
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at  e,  and  the  stndns  in  B  and  diagonal  1  are  its  components,  and 
can  therefore  be  found  by  resolving  eg  in  their  directions.  Similarly, 
the  resultant  of  E  and  diagonal  1  may  be  resolved  in  the  directions 
of  F  and  diagonal  2.  At  h  we  must  find  the  resultant  of  three 
forces,  viz.,  the  strain  in  B,  the  strain  in  diagonal  2,  and  the 
weight  resting  on  the  apex.  From  this  resultant  the  stt^ins  in  C 
and  diagonal  3  are  derived,  and  so  on  to  the  centre.  The  follow- 
innr  table  contains  these  strains : — 


Bracing,    . 

1 

2 

8 

4 

5 

6 

StrainB  in  tons,    . 

-2-4 

-106 

-.1-36 

-0-91 

-1-04 

-1-0 

Flanobs,     . 

A 

B 

C 

D 

E 

F 

Q 

H 

StrainB  in  tons,    . 

+12-8 

+18-6 

+13-1 

+12-9 

-10-4 

-11-7 

--12-2 

—12-2 

The  accuracy  of  the  work  may  be  checked  by  comparing  the 
strain  in  H  with  the  central  strain  in  the  fianges  obtained  by  the 
method  of  moments.  As  the  distance  of  the  centre  of  gravity  of 
the  half  load  from  the  centre  of  the  girder  is  unknown,  the  most 
convenient  method  for  obtaining  the  leverage  of  the  weights  is  by 
accurately  measuring  on  the  diagram  the  distance  of  each  weight 
from  the  centre.  Doing  this,  and  taking  moments  round  the  centre 
of  either  flange,  we  have 

615  F  =  40  X  3-5  tons—  (31-4  +  21-6  +  111) 
whence,  the  strain  at  the  centre  of  either  flange, 

F  =  12-34  tons, 
in  place  of  12*2  tons,  an  amount  of  discrepancy  which  is  im- 
material. The  central  depth  by  which  F  is  multiplied  has  been 
obtained  by  measurement,  and  is,  it  will  be  observed,  slightly  in 
excess  of  6  feet,  arising  from  the  central  bay  of  the  lower  flange 
being  a  straight  line,  and  therefore  slightly  farther  from  the  upper 
flange  than  the  arc  of  which  it  is  the  chord. 

805.    fixample  8. —  Flanffe-stralns  nearly  luilffbrm  with 
•yninietri^  loadiiiff. — The  girder,  represented  in  Fig.  75,  has  the 
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same  ap&n,  depth  and  rersme  as  the  preceding  example,  but  the 
mode  of  bracing  is  simiW  to  that  described  id  Chapter  YI.  Each 
flange  is  divided  into  eight  equal  bays  and  every  alternate  brace  is 
nearly  radial  to  the  lower  flange. 

Pig.  7S. 


The  strains  due  to  a  load  of  one  ton  at  each  apex  of  the  upper 
flange  are  ita  follows: — 


BiAciRa,  . 

1           2 

8 

4 

5 

6 

7 

Stniiu  io  toii%  . 

—1-76 

+0-6 

- 

+0-*6 

-1-7 

+0.2 

— 14 

FuBon,  .        .       .        A         B        C 

D 

E 

F 

a 

H 

Slnitutntoiu,  .       . 

+13-7 

+12-7 

- 

+12'6 

—11-8 

— 12S 

—12-6 

—127 

The  horizontal  strain  at  the  centre  of  either  flange  equals  12'68 
tons.  Checking  this  as  before  by  the  method  of  moments,  we 
have 

6F=40x  3-5  tons  — (31-4 +  21-6 +  11-1) 
whence,  the  strain  at  the  centre  of  either  flange, 
F  =  12-65  tons. 

In  the  previous  examples  it  will  be  observed  that  the  atruns  are 
nearly  uniform  throughout  the  flanges,  and  that  the  bracing  has 
comparatively  little  work  to  do.  Hence,  the  crescent  girder  seems 
well  fitted  for  large  roofs,  the  loading  of  which,  with  the  exception 
of  wind  pressure,  is  generally  symmetrically  distributed. 

•Oe.  AnfelsvUr  IB  the  mtndmu  of  m  eresccat  |:lrder  wbcD 
rcrthiB  OM  more  Uuui  (wo  points. — This  class   of  j^er  is 
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occasionally  constructed  with  eqni-distant  flanges,  in  which  case  it 
is  essential  for  accurate  calculation  that  the  girder  rest  on  two 
points  only,  either  the  estremities  of  the  inner,  or  the  extremities 
of  the  outer,  flange ;  otherwise  we  cannot  say  how  much  pressure 
any  one  point  sustains,  just  as  the  pressure  on  any  one  teg  of  a 
four-legged  table  is  indefinite.  The  girder  in  fact  becomes  an 
arched  rib  and  partakes  of  the  uncertunty  of  the  arch  as  r^ards 
the  direction  of  the  line  of  thrust. 


-BOWSTBINO    OIBDEB. 
Kg.  76. 


SOI.  Concentrated  load. — Let  a  single  weight  W,  rest  upon 
one  of  the  apices  which  divides  the  girder  into  segments  con- 
taining respectively  m  and  n  segments.     On  the  principle  of  the 

lever,  the  pressure  on  the  right  abutment  =  ■■        -W„  and  that 
on  the  left  =  — -^—^f    This  latter  quantity  is  the  resultant  of 

the  str^ns  in  bays  A  and  F,  which  can  therefore  be  obtained  from 
it  by  a  diagram  of  strmns.  A^n,  the  str^ns  in  B  and  diagonal 
1  may  be  derived  from  that  in  A,  and  by  resolving  the  strain  in 
diagonal  1  in  the  directions  of  diagonal  2  and  bay  Q,  we  obtain 
the  strain  in  the  former  and  the  horizontal  increment  of  strain 
developed  at  the  first  apex  of  the  lower  flange.  This  increment, 
added  to  the  strain  in  F,  gives  the  total  strain  in  G.  The  resultant 
of  the  strains  in  B  and  diagonal  2  is  also  the  resultant  of  those  in 
C  and  diagonal  3,  which  can  therefore  be  derived  from  it,  and  so  on. 
a09.  Paaslnr  load — Example — Uttle  coanterfcraclnv  re> 
qalrcd  In  bowatrlnv  ilrderg  of  laryc  slae. — When  the  load  is  a 
concentrated  passing  load  or  a  train,  we  must  tabulate  the  strains 
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produced  bj  the  weight  on  each  apex  separately,  and  thence  deduce 
what  position  of  the  load  produces  maximum  strains.  It  will  be 
found  that  the  marimum  strains  ux  the  flanges  occur  when  the  train 
coTers  the  whole  girder,  and  that  thej  are  of  nearly  uniform  mag- 
nitude throughout  each  flange,  while  the  maximum  strains  in  the 
diagonals  increase  as  they  approach  the  centre,  just  the  reverse  of 
what  occurs  in  the  webs  of  girders  with  horizontal  flanges.  The 
following  example.  Fig.  76,  will  illustrate  fully  the  mode  of  calcu- 
kting  the  strains  in  this  important  form  of  girder.  They  have 
been  worked  out  on  a  diagram  drawn  to  a  scale  of  5  feet  to  one  inch. 
The  span  is  80  feet,  divided  into  8  equal  bays,  and  the  bow  is  a 
circular  arc  whose  versine  equals  10  feet,  b^t,  as  there  is  no  apex  at 
the  crown,  the  central  depth  of  the  inscribed  polygon,  measured  by 
scale,  equals  9'85  feet  in  place  of  10  feet.  The  load  is  supposed  to 
traverse  the  lower  flange  and  to  be  of  uniform  density,  equal  to  one 
ton  per  running  foot,  which  is  equivalent  to  10  tons  at  each  apex. 


1     1 

w, 

w. 

w. 

W4 

W5 

w. 

1 
1 

1 

Uniform 
Load. 

Mm. 

Comp>- 

Mai, 

TeniF 

Tons. 

Tons. 

Tons. 

Tout. 

Tona. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

1 

> 

—0-89 

—  0-8 

—  1-2 

-  1-6 

—  20 

—  2-8 

—  2-7 

—110 

••• 

110 

2 

+0-28 

+  0-6 

+  0-7 

+  0-9 

+  11 

+  1-4 

11-4 

—  6-6 

+4-8 

—11-4 

1 

• 

3 

--0  66 

-  11 

-1-7 

-  2-2 

—  2-8 

—  8-4 

+  4-8 

—  7-0 

+4-8 

-11-8 

o 

■< 

C6 

4 

+0-51 

+  10 

+  1-6 

+  2-0 

+  2-6 

—  8-6 

—  4-8 

—  6-3 

+7-6 

-12-9 

"'    5 

— o-»o 

—  1-8 

—  2-7 

—  8-6 

—  4-6 

+  4-7 

+  2-4 

6-4 

+71 

— 13-6 

1 

6 

+0-88 

+  1-8 

+  2-6 

+  8-5 

—  6-9 

—  4-6 

—  2-8 

—  60 

+8-8 

— 13-8 

7 

1 

—1-40 

1 

—  2-8 

-  4-2 

—  6-6 

+  4-2 

+  2-8 

+  1-4 

—  5-6 

+8-4 

—14-0 

A 

+2-82 

+  6-6 

+  8-6 

+11-8 

+14-1 

+16-9 

+19-7 

+78-9 

1 

B 

+8-08 

+  6-2 

+  9-2 

+12-3 

+16-4 

+18-6 

+21-6 

+86-3 

1 

C 

+8-47 

+  6-9 

+10-4 

+18-9 

+17-8 

+20-8 

+10-4 

+88-2 

a 

D 

+4-11 

+  8-2 

+12-8 

+16-4 

+20-6 

+187 

+  6-8 

+820 

0 
<4 

E 

+511 

+10-2 

+16-8 

+20-4 

+15-8 

+10-2 

+  61 

+81-6 

F 

— 2-62 

—  6  0 

—  7'6 

— 10-1 

—12-6 

—16-1 

—17-6 

—70-6 

Q 

—8-01 

—  60 

—  9-0 

—120 

—160 

—18-1 

—181 

76-2 

H 

—8-62 

■—  7-2 

— 10-9 

—14-6 

—18-1 

—16-9 

—  7-9 

—78-1 

I 

L4-46 

—  8-9 

—18-4 

-17-8 

—171 

—11-4 

—  6-7 

—78-8 
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On  examining  the  foregoing  table  we  observe  that,  when  the 
permanent  (uniform)  load  is  equal  to,  or  less  than,  the  passing  load, 
a  large  number  of  the  diagonals  require  counterbracing;  in  this 
example,  for  instance,  diagonals  4,  5,  6,  7,  and  their  counterparts  at 
the  other  side  of  the  centre,  require  counterbracing.  If,  however, 
the  permanent  load  be  much  greater  than  the  passing  load,  it  may 
happen  that  the  diagonals  will  always  be  in  tension  and  thus  relieve 
the  engineer  of  one  difficulty  in  large  girders,  namely,  that  of 
providing  against  flexure  in  long  struts.  Hence,  the  bowstring 
girder  seems  well  suited  for  large  spans.  On  examining  the  table 
we  also  find  that  all  the  intermediate  strains  are  multiples  of  those 
in  the  columns  under  either  Wj  or  W^.  They  agree  also  in  sign 
with  their  sub-multiples.  This  arises  from  the  reaction  of  each 
abutment  being  directly  proportional  to  the  length  of  the  remote 
segment^  and  indicates  a  speedy  method  of  filling  up  the  table,  viz., 
by  calculating  on  a  diagram  the  strains  produced  by  the  two 
extreme  weights  and  thence  deriving  those  due  to  all  the  inter- 
mediate weights. 

209.  Calcalatlon  hy  ntomento.— When   there   is  only   one 

system  of  triangulation,  the  work  may  be  checked  by  calculating 

the  strains  in  some  of  the  bays  by  the  method  of  moments.    Thus, 

in  the  central  bay  E,  the  strain 

-       35x40—10x60      o-^. 

r  = ^r^ =  ol'2  tons  compression, 

a  close  approximation  to  the  amount  in  the  table,  as  the  discrepancy 
is  only  0*4  tons,  or  ^^yrd  of  the  whole.  Having  found  the  strains 
in  the  flanges  by  the  method  of  moments,  the  strains  in  any  pair  of 
intersecting  diagonals  may  be  found  by  decomposing  the  strains  in 
the  two  adjoining  bays. 

210.  IJnIfbmily  dUitriliated  loadj  little  braelnir  rcqoli^d — 
Absolute  maxlniam  strains. — If  a  uniform  horizontal  load  be 
suspended  by  vertical  rods  from  a  circular  bow,  the  diagonal  bracing 
will  scarcely  come  into  action,  and  the  tension  throughout  the  string 
will  be  very  nearly  uniform,  for  a  small  arc  of  a  circle  differs  but 
slightly  from  the  parabola  which  a  chain  (inverted  arch)  assumes 
when  loaded  uniformly  per  horizontal  foot  (49).     In  this  case  the 
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horizontal  component  of  strain  is  nearly  uniform  throughout  the 
bow  and  equals  the  compression  at  the  crown,  or  the  tension  in  the 
string.     The  vertical  component  at  the  springing  is  equal  to  the 
half  load,  and  at  any  other  point  it  equals  the  half  load  supported 
above  the  level  of  that  point.     The  longitudinal  compression  at  any 
point  in  the  bow  is  the  resultant  of  these  horizontal  and  vertical 
components,  and  would  be  strictly  tangential  to  the  curve  if  it  were 
a  parabola,  !.«.,  the  curve  of  equal  horizontal  thrust  for  a  uniform 
horizontal  load.     The  bow  forms  a  considerable  item  of  the  total 
weight  of  a  bridge  of  large  span,  and  the  annexed  method  of 
calculating  the  strains  will  be  found  more  accurate  than  one  which 
supposes  the  whole  permanent  load  resting  on  the  lower  flange : — 
1^.  Calculate  the  maximum  strains  in  both  flanges  and  bracing 
produced  by  the  passing  load  of  greatest  uniform  density, 
as  already  explained. 
2^.  Calculate  the  strains  produced  by  the  permanent  load  which 
rests  on  the  lower  flange,  including  in  this  the  string,  road- 
way and  bracing.     These  may  be  obtained  by  proportion 
from  the  strains  produced  by  the  passing  load  when  the 
latter  covers  the  whole  bridge. 
3^.  Calculate  the  (nearly)  uniform  strain  produced  throughout 
the  bow  and  string  by  the  weight  of  the  former  (eq.  25). 
If  greater  accuracy  is  required  the  longitudinal  strains  in 
the  bow  may  be  obtained  by  the  method  explained  in  26. 
Having  these  arranged  in  a  tabular  form,  we  can  easily  find  the 
absolute  maximum  strains  which  each  part  sustains.    The  2nd  and 
3rd  of  the  foregoing  calculations  may  be  replaced  by  the  method 
described  in  the  preceding  case  for  calculating  the  strains  due  to  a 
permanent  load,  without  however  simplifying  the  operation  in 
practice. 

211.  Slni^e  tiianiralAttoiij  second  nietliod  of  calcalation. — 

When  the  bracing  of  a  bowstring  ^der  consists  of  a  single  system 
of  triangulation,  as  in  -Fig.  76,  the  strains  may  be  calculated  by  a 
method  similar  to  that  described  in  199.  Suppose,  for  example, 
that  W,  alone  rests  upon  the  girder,  dividing  the  lower  flange  into 
segments  containing  respectively  m  and  n  bays ;  the  segment  abc  is 


148 


BRACED   GIBDEBS  WITH  OBLIQUE         [CHAP.   VII. 


held  in  equilibrium  by  three  forces,  viz.,  the  reaction  of  the  right 
abutment,  the  horizontal  tension  at  c,  and  the  resultant  of  the  strains 
in  K  and  diagonal  10.  The  two  former  meet  at  a ;  consequently, 
the  third,  the  resultant  at  6,  passes  through  the  same  point  (9). 
Again,  since  the  lower  flange  is  horizontal,  it  cannot  convey  a  vertical 


pressure  to  the  abutment ;  hence, 


m 


W3  (=  tha  reaction  of  the 


m  +  n 

abutment,)  must  be  conveyed  through  the  bow  and  diagonals  to  the 
right  abutment,  forming  the  vertical  component  of  the  resultant  at 
each  upper  apex.     This  suggests  the  following  method  of  calculating 

the  strains.    Draw  hd  vertically  equal  to  — -r—  Wj,  and  draw  de 

ifw  "T"   lit 

horizontally  till  it  meets  ba  produced ;  be  represents  the  resultant  at 
by  and  hence  we  can  find  its  component  in  K  and  diagonal  10,  or 
in  L  and  diagonal  11.  The  same  reasoning  will  apply  if  all  the 
apices  to  the  left  of  W3  are  loaded,  in  which  case  diagonals  10  and 
11  will  sustain  the  maximum  strains  of  tension  and  compression 
which  a  passing  train  can  produce  in  them.  At  the  several  apices 
in  the  bow  over  the  unloaded  segment  resultant  strains  will  be 
developed,  each  of  which  will  pass  through  a  and  have  the  same 
vertical  component,  viz.,  the  reaction  of  the  right  abutment,  provided 
there  be  but  one  system  of  triangles.     In  the  case  of  the  train,  bd 


will  represent 


-^  (1  +  2  +  3  +  4  + 5)  =  ^W,  smce  there 
m  +  n^  '       8 


are  5  loaded  apices  in  the  left  segment  and  8  bays  in  the  span. 
This  operation  must  be  repeated  at  each  apex  of  the  bow. 

The  maximum  strains  in  the  diagonals  of  the  example  in  80§ 
are  calculated  by  this  method  and  are  given  in  the  annexed  table. 
They  agree  closely  with  those  previously  obtained : — 


DIAOOMAL8. 

Maximtun 
compreMion. 

Maximum 
tension. 

Tons. 

Tons. 

1 

i 
•  •• 

—  11  0 

2 

+  47 

—  11-4 

8 

+  4-8 

—  U-8 

4 

+  7-6 

—  12-8 

5 

+  71 

—  18-6 

6 

+  8-7 

—  18-6 

7 

+  8-4 

—  140 
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SIS.  bTvrted  kawctriMB,  or  flsh-bcllled  glrdcr^Bow  «ad 
iHTcrtf  or  doNble-bow. — The  methods  of  calculating  the  struns 
<rf  the  bowstring  prder  are  also  applicable  to  its  inverse — the  fish- 
bellied  girder,  i.e.,  the  arc  in  tension  with  a  horizontal  flange  in 
compresdon,  as  well  as  the  lenticular  girder  compounded  of  the 
two,  i.e.,  a  bow  and  invert  connected  by  bracing,  such  as  the  Royal 
Albert  Bridge,  Saltash.  Examples  of  these  forms  are,  however, 
comparatively  rare,  except  in  cast-iron  girders  and  beams  of  steam 
engines,  but  the  fish-bellied  girder  is  some^es  used  for  cross 
road-girders. 


CASE  T. — THB  BRACED  ABCH. 
Fig.  77. 


tia.    Xiaw  of  tbe  lever  applicable  to  tbe  braeed  areh. — 

Properly  speaking,  the  braced  arch  is  not  a  girder,  since  it 
exerts  an  oblique  thrust  against  the  abutments  (tt),  but  it 
resembles  a  ^rder  in  so  many  respects  that  the  investigation  of  its 
stmns  may  fitly  be  considered  in  this  chapter.  In  the  braced 
arch  the  upper  flange  is  usually  horizontal  and  supports  the 
roadway.  Both  flanges  are  in  general  subject  to  compression 
throughout  their  whole  length,  and  the  lower  one  exerts  an 
oblique  pressure  against  the  abutments.  In  thb  respect  the 
braced  arch  resembles  its  prototype,  the  stone  arch,  white  it  also 
resembles  the  girder  in  its  capability  of  sustaining  transverse 
(train.  The  horizontal  components  of  the  pressures  against  the 
abutments  are  equal  and  in  opposite  directions;  equal — unce,  if 
the  horizontal  reaction  of  one  abutment  exceed  that  of  the  other. 
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the  arch  will  move  towards  that  side  which  exerts  the  weaker 
thrust,  a  thing  manifestly  impossible.  We  may  therefore  conceive 
a  horizontal  tie  substituted  for  the  horizontal  reaction  of  the 
abutments,  and  the  arch  will  then  follow  the  laws  of  girders, 
exerting  a  vertical  pressure  only  on  the  points  of  support.  The 
principle  of  the  lever  (10)  is,  consequently,  applicable  to  this  form 
of  bracing,  and  hence  we  can  find  the  direction  and  amount  of 
the  thrust  against  either  abutment  for  each  position  of  the  load. 
Theoretically,  the  lower  flange  of  the  arch  represented  in  Fig.  77 
should  not  be  continued  across  the  crown  of  the  arch,  for  if 
it  were,  the  strains  in  every  part  would  be  uncertain,  since 
the  central  bay  of  this  flange  would  be  subject  to  tensile 
strains  of  indefinite  amount,  varying  with  the  load  and  tem- 
perature, and  modifying  therefore  to  an  unknown  extent  the 
horizontal  reaction  of  the  abutments.  To  illustrate  this,  let  us 
suppose  for  a  moment  that  the  reaction  of  the  abutments  is 
replaced  by  a  tie-bar;  we  then  have  three  unknown  horizontal 
forces,  viz.,  compression  in  the  top  flange,  tension  in  the  lower 
flange  at  the  crown,  and  tension  in  the  tie-bar ;  also  three  known 
vertical  forces,  viz.,  the  weight  and  the  vertical  reaction  of  each 
abutment.  Now,  it  is  evident  that  we  cannot  determine  the  three 
unknown  forces  by  the  method  of  moments  from  these  data,  and 
we  must  therefore  get  rid  of  the  diflSculty  by  supposing  the  lower 
flange  discontinued  at  the  crown,  which,  indeed,  is  not  far  from  the 
truth  in  practice,  for  the  two  flanges  generally  merge  into  one, 
and  the  less  in  depth  is  the  line  of  junction  of  the  two  semi- 
arches,  t.tf.,  the  depth  of  the  arch  at  the  crown,  the  nearer  will  the 
following  theory  and  practice  agree. 

Let  us  now  consider  the  efFect  of  a  single  weight  W^.  The  left 
semi-arch  is  subjected  to  two  forces  only,  viz.,  the  pressure  of  the 
other  semi-arch  at  the  crown  and  the  reaction  of  the  left  abutment 
at  a.  Since  equilibrium  exists,  these  forces  are  equal  and  opposite ; 
consequently,  the  reaction  of  the  left  abutment  acts  in  the  direction 
aW4.  Again,  the  whole  arch  is  balanced  by  the  weight  W^  and 
the  reactions  of  the  abutments.  The  weight  and  the  reaction  of 
the  left  abutment  intersect  at  6 ;  consequently,  that  of  the  right 
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abutment  passes  through  the  same  point  (9).  Resolving  W^  in  the 
directions  ba  and  bc^  we  obtain  these  reactione,  and  once  they  are 
known,  we  can  work  from  the  abutments  towards  the  weight  by 
the  resolution  of  forces  and  thus  find  the  stnuns  produced  by  W^ 
throughout  the  arch.  Performing  similar  operations  for  each  weight, 
and  tabulating  the  results,  we  can  obtain  the  maximum  strains  of 
each  kind  produced  in  every  part  of  the  structure.  Those  produced 
in  the  arch  represented  in  Fig.  77,  by  weights  of  10  tons  at  each 
apex,  are  given  in  the  following  table.  The  arch  is  80  feet  in  span 
with  a  rise  or  versine  of  8  feet,  and  the  depth  measured  from  the 
springing  to  the  upper  flange  is  10  feet.  The  upper  flange  is 
divided  into  8  equal  bays,  and  the  bracing  consists  of  a  series  of 
isosceles  triangles  of  which  these  bays  form  the  bases. 


w, 

W. 

w. 

W4 

W5 

w. 

w, 

Unlfonn 
L(Md. 

Max. 

Max. 

Tons. 

Tons. 

Tons. 

Tona. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

Tons. 

1 

+82 

+  6-4 

+  9-6 

+12-7 

—  9-6 

—  6-4 

—  8-2 

+12-7 

+  31 -9 —19-2 

2 

—2-0 

—  4-0 

60 

—  8-0 

+  6-0 

+  40 

+  20 

—  8-0 

+120— 20-0 

8 

+1-5 

+  8-0 

+  4-5 

+  6-9 

+14-5 

—  30 

—  1-6 

+24-9 

+29-4—  4-6 

\i 

* 

—0-07 

0-1 

0-2 

—  0-8 

—  9-7 

+  01 

+  0-07 

-10-2 

+  0-2 

-10-4 

'  5 

5 

+0-05 

-f-  0-1 

+  016 

+  0-2 

+  7-1 

+18-9 

—  0-06 

+21-4 

+21-6 

—  0-1 

+0-7 

+  1-4 

+  21 

+  2-7 

—  3-2 

—  8-9 

—  0-7 

-  6-9 

+  6-9 

—12-8 

7 

— 0-fl 

—  1-2 

—  1-8 

—  2-8 

+  2-7 

+  76 

+12-8 

+16-6 

+22-6—  6-9 

' 

8 

+0-8 

+  1-6 

+  2-4 

+  8-1 

—  0-6 

—  4-4 

—  80 

-  61 

+  7-9— 13-0 

!  > 

— <I7 

1-4 

—  21 

—  2-8 

—  0-4 

+  8-6 

+  6-8 

+  8-0   +10-4 

—  7-4 

;  A 

+2-0 

+  4-0 

+  6r0 

+  8-1 

+240 

+16-0 

+  8-0 

+681 

+68-1 

••• 

|B 

—11 

_  2-2 

—  8-8 

—  4-4 

+171 

+22-4 

+11-2 

+89-7 

+607 

—11-0' 

( 

C 

-1-2 

—  2-4 

~  8)6 

-  4-7 

+  8-8 

+12-6 

+11-3 

+16-8 

+277 

—11-9 

• 
0 

D 

r 

0-4 

—  0-8 

—  1-2 

—  1-7 

+  0-3 

+  2-8 

+  4-2 

+  27 

+  6-8 

41 

'A 

•    < 

E 

+4-8 

+  9-7 

+14-6 

+19-8 

—14-5 

—  9-7 

—  4-8 

+19-8 

+48-8 

—29-0 

1 

F 

+6-8 

+12-6 

+18-9 

+25-2 

+  6-8 

—12-6 

—  6-8 

+60-4 

+69-3 

-18-9 

Q 

+6-0 

+120 

+18-0 

+28-9 

+18-9 

+  8-9 

—  60 

+71-7 

+777 

—  60 

H 

+5-8 

+10-7 

+160 

+21-4 

+16-0 

+10-7 

+  5-3 

+86-4 

+86-4 

••• 
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814.  Strains  In  the  braced  areh  loaded  symmetrleally  re- 
semlile  those  In  the  seml-areh — ^Portions  of  the  flanges  liable 
to  tensile  strains  firom  unequal  loading. — On  examining  the 
preceding  table  it  will  be  observed  that  the  strains  produced  in  the 
right  semi-arch  by  Wp  W,,  and  W,  are  sub-multiples  of  those  pro- 
duced by  W4;  this  arises  from  the  circumstance,  that  the  reactions 
of  the  right  abutment  from  the  weights  on  the  left  semi-arch  act 
all  in  the  same  direction,  viz.,  CW4,  and  are  proportional  to  the 
distance  of  each  weight  from  the  left  abutment.  Hence,  having 
calculated  the  strains  produced  by  W4,  we  can  deduce  thence  the 
strains  produced  by  the  three  other  weights.  On  comparing  this 
table  with  that  in  200,  we  find  that  the  strains  produced  by  a 
symmetrical  load  in  the  diagonals  and  lower  flange  of  the  braced 
arch  and  semi-arch  are  identical.  If  the  weight  of  the  structure 
be  small  compared  with  that  of  the  moving  load,  some  of  the 
bays  may  sustain  tensile  strains  &om  the  latter.  These  are  the 
end  bays  of  the  upper  flange  and  the  central  bays  of  the  lower 

flange. 

815.  Caleulatlon  by  moments — Caleulatlon  of  strains  In 
a  latticed  areh  Impraetleablej  exeept  when  the  load  Is 
symmetrical. — ^When  there  is  only  one  system  of  triangulation, 
the  strains  may  be  calculated  by  the  method  of  moments  in  the 
manner  already  explained  in  809,  and  it  is  always  desirable  thus  to 
check  calculations  made  by  the  aid  of  diagrams.  When  there  are 
two  or  more  systems  of  triangulation,  that  is,  when  the  web  is 
latticed,  the  strength  may  be  calculated  by  working  out  the  strains 
from  the  weights  towards  the  abutments,  provided  the  load  is  dis- 
posed symmetrically  on  each  side  of  the  centre,  but  when  the 
weights  are  distributed  in  an  irregular  manner  this  is  not  possible, 
and  accurate  calculation  seems  out  of  the  question,  for  then  more 
than  two  braces  meet  at  the  abutment,  and*we  cannot  say  how  the 
reaction  of  the  abutment,  when  decomposed,  is  divided  between 
them. 

M6.  Flat  arch»  or  areh  with  horlaontal  flani^es. — ^If  the 
radius  of  the  lower  flange  be  infinite,  both  flanges  will  be  horizontal, 
and  this  flat  arch  will  resemble  girders  of  the  ordinary  form.  Fig. 
57,  but  with  their  lower  flanges  severed  at  the  centre  so  as  to  exert 
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a  lateral  thrust  against  the  abutments.  When  the  load  is  uniform, 
this  thrust  will  equal  the  central  compression  in  the  upper  flange. 
This  modification  of  the  braced  arch  possesses  some  qualities  which 
merit  our  attentive  consideration.  In  the  first  place  the  qutmtity 
of  material  required  for  its  lower  flange  is  less  than  in  girders  of  the 
usual  form,  for  the  increments  of  strain  increase  as  they  approach 
the  abutments,  and  it  is  therefore  more  economical  to  convey 
them  /roTTi,  than  towards^  the  centre ;  and  again,  the  heavier  parts 
of  the  lower  flange  are  near  the  abutments  instead  of  near  the 
centre,  which  is  a  matter  of  some  importance  in  very  large  girders 
whose  own  weight  forms  the  greater  portion  of  the  total  load. 

M7.  Riffld  BaBpenBlon  liridi^. — When  inverted,  the  braced 
arch  becomes  a  rigid  suspension  bridge.  Other  modifications  might 
be  suggested,  such  as  the  crescent  girder  inverted,  with  a  horizontal 
roadway  suspended  beneath.  The  railway  bridge  over  the  Donau 
Canal  in  Vienna,  83'44  metres  long,  is  constructed  on  this  latter 
system.  There  are  two  suspension  chains  on  each  side  formed  of 
flat  links  and  equi-distant,  one  above  the  other,  with  bracing 
between ;  a  trussed  platform  for  the  rails  is  suspended  beneath  by 
vertical  rods  in  the  usual  manner.  The  chains  being  equi-distant, 
and  therefore  hung  from  four  points,  there  must  be  an  ambiguity 
in  the  strains,  as  already  explained  in  t06. 

tl§.  TriaBffvlar  areli. — If  the  lower  flange  of  the  braced 
arch  be  formed  of  two  straight  bars  meeting  at  the  centre  like 
the  letter  A,  so  that  the  arch  becomes  two  braced  triangles,  the 
calculations  as  well  as  the  construction  will  be  much  simplified, 
especially  where  multiple  systems  of  bracing  are  employed.  This 
arrangement  has  some  great  practical  merits,  its  chief  objection 
being  the  inelegance  of  its  outline,  which,  however,  will  be  an 
immaterial  objection  in  many  situations. 

819.  Cast-iron  arches. — The  spandrils  of  cast-iron  arches 
frequently  consist  of  vertical  or  radial  struts  without  any  diagonal 
bracing  whatever.  This  form  of  arch  resembles  the  common 
suspension  bridge  inverted ;  and  since  the  spandrils  do  not  brace 
the  flanges  together  so  as  to  change  their  transverse  into  longitu- 
dinal strains,  but  resemble  in  their  action  the  rungs  of  a  ladder 
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placed  on  its  Bide,  it  is  necessary  to  make  the  flanges  snffidently 
deep  to  act  as  girders  and  sustain  the  transverse  strain  when  the 
moving  load  causes  the  line  of  thrust  to  pass  outside  the  rib  or 
curved  flange  (49).  Unless  very  massive,  iron  arches  with  vertical 
spandrils  may  be  expected  to  be  more  subject  to  vibration  and 
deflection  than  those  with  braced  spandrils. 


CASE  VI. — THE  BRACED   TBIAKGLB. 

MO.  The  commim  A  rooC — In  the  common  A  roof,  the  span  of 

which  seldom  exceeds  40  feet,  each  pair  of   rafters  is  kept  from 

Fig-  78.  exerting  a  lateral  thrust 

against    the    wall   by    a 

tie-beam,  which  is  often 

placed  a  few  feet  above 

the    wall-plat«    for    the 

sake   of    the    head-room 

which   this   arrangement 

allows.        Consequently, 

each  pair  of  rafters  with  their  tie-beams  constitutes  a  simple  truss 

which  supports  so  much  of  the  roof  as  lies  between  two  adjacent 

pairs  of  rafters. 

Let  W  z=  the  weight  uniformly  distributed  over  each  pair  of 
rafters, 
I  =  the  span  of  the  roof, 
t'  =  the  length  of  each  rafter, 
d  =  the  height  of  the  ridge  above  the  tte-beam,  i^.,  the 

depth  of  the  truss, 
A  =  the  height  of  the  ridge  above  the  wall-plates, 
T  =  the  tension  in  the  tie-beam. 
Each  rafter  is  held  in  equilibrium  by  the  uniformly  distributed  weight 

of  the  roof  (equivalent  to  -^  acting  downwards  at  the  middle  of 
the  rafter),  the  upward  reaction  of  the  wall-plate,  I  :=  -3-1,  tha 
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horizontal  thrust  of  the  opposite  rafter  at  the  ridge  and  the  hori- 
zontal tension  of  the  tie-beam.  Taking  the  moments  of  these  forces 
round  the  ridge,  we  have, 

2       2        2       4 

whence,  T  =  -—7 

oa 

By  taking  moments  round  the  foot  of  the  rafter  it  may  be  shown 
that  the  horizontal  thrust  of  the  rafters  against  each  other  at  the 
ridge  =  T.  This  investigation  of  the  horizontal  strains  in  a  simple 
trussed  girder  is,  it  will  be  perceived,  merely  a  repetition  of  that 
given  in  48  (eq.  25).  Each  rafter  is  subject  to  transverse  strains 
as  a  girder  and  to  longitudinal  compression  as  a  pillar.  The  trans- 
verse strains  are  produced  by  the  components  of  W  and  of  T  at 

right  angles  to  the  rafter.  The  former  =  -^y distributed  uniformly. 
The  latter  =  y/T  =  -o^r/  applied  at  the  intersection  of  the  rafter 

L  out 

and  tie-beam.  Hence,  the  transverse  strength  of  the  rafter  may 
be  calculated  by  eqs.  100  and  85,  or  •perhaps,  more  conveniently  by 
eqs.  41  and  37.  The  longitudinal  component  of  W  compresses 
the  rafter  like  a  pillar,  and  accumulates  gradually  from  the 
ridge,  where  it  equals  cipher,  to  the  wdl-jplate,  where  it  equals 

AW  /x     py^ 

-^.  The  longitudinal  component  of  T  =  ^  =  ralP »  ^*  com- 
presses that  part  of  the  rafter  which  lies  between  the  ridge  and 
tie-beam,  and  is  balanced  by  the  longitudinal  component  of  the 
thrust  of  the  opposite  rafter  at  the  ridge.  When  the  tie-beam  is 
placed  high,  for  the  sake  of  room  beneath,  d  is  shortened  and  T 
increased  in  the  same  proportion.  The  transverse  strain  and 
deflection  of  the  rafter  is,  however,  increased  in  a  higher  ratio, 
for  not  only  is  the  component  of  T  at  right  angles  to  the  railer 
increased,  but  its  bending  moment  also,  in  consequence  of  its 
acting  nearer  to  the  centre  of  the  rafter  and  farther  from  the 
wall-plate,  which  acts  the  part  of  an  abutment.  When  rafters  are 
in  danger  of  sagging  from  their  great  length,  a  horizontal  collar^ 
beam  is  attached  midway  between  the  ridge  and  the  tie-beam. 
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This  collar-beam  resists  the  tendency  of  the  rafters  to  approach 
each  other  and  is  subject  to  compression,  in  which  case  each 
rafter  is  a  continuous  girder  supported  at  both  ends  and  at  the 
collar-beam,  and  subject  to  a  transverse  pressure  from  the  roofing 

material  equal  to  -jj,  distributed  uniformly.   If  the  tie-beam  connect 

the  feet,  and  the  collar-beam  the  centres,  of  each  pair  of  rafters, 

f  ths  of  this  pressure  is  sustained  by  the  collar-beam,  the  remaining 

f  ths  being  supported  by  the  thrust  of  the  opposite  rafter  and  the 

5/W 
reaction  of  the  wall-plate  (eq.  169).    Hence,  -^r^y  is  the  pressure 

against  the  collar-beam,  measured  at  right  angles  to  the  rafter; 

resolving  this  horizontally,  we  have  the  longitudinal  compression 

5ZW 
of  the  collar-beam  :p  tfoT"-    ^  collar-beam  increases  the  tension  of 

the  tie-beam,  and  this  tension  may  be  found  when  the  strain  in  the 
collar-beam  is  known  by  taking  moments  round  the  ridge. 

The  foregoing  investigation  is  only  an  approximation  to  the 
truth.  The  longitudinal  strains  produced  in  the  rafter  by  the 
forces  acting  at  its  ends  will  modify  the  longitudinal  strains  due  to 
the  transverse  forces,  and  an  accurate  investigation  would  be  very 
complicated,  if  not  altogether  impracticable,  for  we  cannot  say  how 
much  of  these  longitudinal  strains  pass  through  the  tension  fibres 
or  lower  side  of  the  rafter,  and  how  much  pass  through  its  compres- 
sion fibres  or  upper  side.  If  there  be  any  tendency  in  the  rafter  to 
sag,  the  probability  is  that  they  will  pass  altogether  through  the 
compression  fibres,  and  therefore  the  upper  side  of  the  rafter  should 
be  strong  enough  to  sustain  the  longitudinal  strains  produced  by 
the  end  forces  in  addition  to  the  longitudinal  strain  due  to  the 
transverse  components  of  the  load  and  tie-beam ;  but  in  general  it 
is  unnecessary  to  take  these  longitudinal  compression  strains  into 
consideration,  for  when  rafters  fail  they  commonly  give  way  on  the 
under  side  which  is  in  tension.  Of  course,  if  the  sag  be  very 
considerable,  so  that  a  line  joining  the  ridge  and  wall-plate  passes 
above  the  rafter,  the  longitudinal  compression  will  increase  the  strain 
in  the  tension  flange  in  proportion  to  the  versine  of  the  deflection. 
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aai.  Tbc  A  tnuc — Fig.  79  represents  a  simple  form  of 
braced  triangle,  ofleo  used  for  iron  roofs  where  the  span  does 
not  exceed  40  feet  The  etraina  in  the  several  parts  may  be 
coDvenieatlj  obt^ned  bj  finding  the  reaction  of  either  abutment 
and  working  thence  towards  the  centre,  as  expliuned  in  the 
following  example,  which  has  been  calculated  by  the  aid  of  a 
diagram  drawn  to  a  scale  of  5  feet  =  1  inch,  and  with  a  scale  of 
weights  of  1  ton  =  1  inch. 


The  span  is  40  feet,  the  depth  of  the  taise  8  feet,  and  the 
height  of  the  ridge  above  the  wall-plate  10  feet.  The  load  is 
8  tons  uniformly  distributed,  for  which  we  may  substitute  its 
equivalent,  namely,  the  load  on  a  whole  bay,  or  2  tons,  con- 
centrated at  each  apex,  and  the  load  on  half  a  bay,  or  1  ton,  at 
each  abutment.  The  reaction  of  the  left  abutment  =:  4  tons,  of 
which  1  ton  is  immediately  balanced  by  the  weight,  Wj,  concentrated 
there,  leaving  3  tons  to  be  resolved  in  the  directions  of  A  and  C, 
the  strains  in  which  are  respectively  +  10'35  tons  and  —  938 
tons.  The  Tcrtical  pressure  of  W,  is  supported  by  A  and  F,  and 
when  resolved  in  then:  directions  produces  +  09  and  +  1'78  tons 
respectively ;  the  former  being  a  downward  thrust  is  opposed  to 
the  upward  thrust  already  existing  in  A ;  consequently,  the  dif- 
ference, =  +  9'45  tons,  is  the  thrust  transmitted  upwards  through 
B.  At  a  we  have  two  known  forces,  namely,  the  tension  in  C 
and  the  thrust  in  F ;  finding  their  resultant,  and  decomposing  it 
agfuu  in  the  directions  of  D  and  E,  we  have'the  stnuns  in  these 
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ban  =  —  4'64  tons  and  —  5'06  tons  reapectively.     The  foUowing 
table  gives  the  strains  id  the  left  half  truss  in  a  collected  form. 


FLAVon  iHD  Bsiona.          A 

B 

C 

D 

E      1       F 

Stnim  in  torn. 

+  10-35 

+  9-*B 

—  B'38 

—  i-fll 

—  C-09     +  1-78 

The  accuracy  of  the  work  may  be  checked  by  the  method,  of 
moments  as  follows.  The  external  forces  acUng  on  the  left  half- 
truss  are  the  reaction  of  the  left  abutment  acting  upwards  and  the 
weights  Wj,  W,  and  W,  acting  downwards.  The  internal  forces 
which  resist  these  are  the  thrust  of  the  opposite  half-truss  at  the 
ridge  and  the  pull  of  the  central  tie-rod  below ;  taking  moments 
round  the  ridge,  and  calling  the  tension  in  the  tie-rod  T,  we  have, 

4  X  20  — (I  X  20+2  X  10)  =  T  X  8 
whence,  T  =  5  tons,  which  shows  that  a  trifling  error  of  -06  tona 
baa  been  made  in  the  calculation  by  diagram. 

Fig.  80  represents  another  form  of  braced  triangle  suited  for  spans 
between  30  and  60  feet.  The  method  of  calculation  is  ao  similar 
to  that  just  described  that  an  example  is  unnecessary.  In  both 
trusses  the  most  important  part  of  the  bracing  ia  in  tenuon,  and 
they  have  therefore  a  light  and  graceful  appearance. 
Tiga.  BO  mi  SI. 


The  form  of  truss  represented  in  Fig.  81  may  be  used  for  spans 
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between  50  and  100  feet,  and,  if  deeirable,  the  secondary  truBsing 
may  be  carried  out  to  a  much  greater  extent  than  in  the  figure,  bo 
aB  to  cover  far  wider  spans.  A  braced  triangle  of  the  type 
represented  in  Fig.  82  may  also  be  used  up  to  very  large  spaoB 
indeed.  Different  modes  of  calculating  the  straine  bare  been 
suggested,  but  the  method  of  working  by  the  resolution  of  forces 
from  either  abutment  towards  the  centre  Beema  the  most  satis- 
factory, as  illustrated  in  the  following  example,  which  has  been 
calculated  by  the  ud  of  a  diagram  drawn  to  a  scale  of  5  feet  to  one 
inch. 

Fig.  82. 


The  span  and  depth  are  60  feet  and  15  feet  respectively,  and  the 
load  distributed  uniformly  over  the  rafters,  i.e.,  the  upper  flange,  = 
12  tons,  which  is  equivalent  to  3  tons  concentrated  at  each  of  the 
apices  and  1  ton  at  each  abutment.  The  upward  reaction  of  the  left 
abutment  =  6  tons,  of  which  1  ton  is  at  once  balanced  by  W„  and 
the  remaining  5  tons,  being  decomposed  in  the  directions  of  A  and 
D,  produce  a  thrust  of  +  11*19  tons  in  A,  and  a  pull  of —  10  tond 
in  D.  At  the  next  apex,  Wj  (=  2  tons,)  is  supported  by  A  and  F 
in  equal  projwrtions,  as  they  form  the  Bides  of  an  isosceles  triangle, 
and  its  components  in  their  directions  are  each  =  -|-  2-24  tons; 
that  in  the  direction  of  A  reduces  its  upward  thrust  to  +  8'95 
tons  which  is  transmitted  onwards  through  B,  while  the  thrust  in 
F  produces  a  tension  of —  1  ton  in  Q  and  reduces  the  pull  in  D  so 
that  a  tenBion  of  only  —  8  tons  b  transmitted  through  E.  At 
W,  we  have  its  downward  pressure  (=  2  tons,)  added  to  the 
downward  pull  of  Q  (=:  I  ton,)  which  g^ves  a  total  vertical 
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pressure  of  3  tons  at  this  apex ;  this,  when  resolved  in  the  directions 
of  H  and  B,  produces  a  tension  of —  2*83  tons  in  H  and  reduces 
the  upward  thrust  in  B  so  that  only  +  6*71  tons  is  transmitted 
through  C.  Resolving  the  downward  thrust  in  H  in  the  directions 
of  E  and  I,  we  obtain  a  pull  of —  2  tons  in  I,  to  which  should  be 
added  a  corresponding  pull  from  the  right  half  of  the  truss,  so 
that  the  total  tension  in  I  =  —  4  tons.  We  may  check  the 
accuracy  of  the  calculation  by  finding  the  strain  in  C  by  the 
method  of  moments,  as  follows.  The  segment,  W^  Ca,  is  held  in 
equilibrium  by  the  external  bending  forces,  namely,  the  upward 
reaction  of  the  left  abutment,  the  downward  pressures  ofWj,  W, 
and  W3,  and  the  resisting  forces  in  the  structure  *itself,  namely, 
the  thrust  in  C  and  the  various  forces  meeting  at  a;  taking 
moments  round  a,  and  measuring  the  distance  Ca  by  scale,  =  13*43 
feet,  we  can  find  the  thrust  in  C  by  the  following  equation, 
F  X  13-43  =  6  X  30  — (1  X  30  +  2  X  20  +  2  X  10) 
Where  F  represents  the  strain  in  C ;  hence, 

90 


F  = 


=  6*7  tons, 


13-43 
or  nearly  exactly  the  same  as  before. 

The  following  table  gives  the  strains  in  a  collected  form. 


Flanges  and  BsAonrG 

A 

B 

C 

D 

E 

F 

Q 

H 

1 

Strains  in  tons. 

+11-19 

+8-95 

+6-71 

—10*0 

—8-0 

+2-24 

—1-0 

+2-88 

-4-0 

The  roofing  material  generally  rests  directly  on  laths  and  purlins, 
which  are  again  supported  by  the  upper,  or  oblique,  flange.  Con- 
sequently, unless  the  purlins  rest  directly  over  an  apex,  each  bay 
of  the  upper  flange  is  subject  to  a  transverse  strain  from  the 
pressure  of  the  purlins  which  cross  it,  in  addition  to  a  longitudinal 
thrust  which  it  sustains  as  a  member  of  the  truss,  and  its  strength 
must  be  made  sufficient  to  bear  this  double  strain.  It  will  be 
seen  hereafter  that  its  continuity  across  the  apices  adds  materially 
to  the  strength  of  the  rafter. 

The  arrangement  of  the  bracing  may  be  varied  so  as  to  put  the 
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Tortie&b  in  compresdioa  and  the  diagonals  in  tension,  and  eomelimea 
tKe  tie  is  nused  at  the  centre  eo  as  to  form  a  low  triangle  and  give 
more  head-room  beneath ;  this  of  course  dinunishea  the  effective 
depth  of  the  truss,  but  it  has  the  advantage  of  shortening  the 
length  of  the  struts. 


CASE  ni.— THE  SUBPBNSION  TRUSS. 

r  4^Bed  raofk. — This  form  of  truss  is  gene- 
nil;  employed  for  supporting  low-domed  roots  resting  on  circular 
valU,  in  which  cnae  the  trusaes  intersect  each  other  at  the  centre 

Fig.  BS. 


ud  We  a  common  central  strut  beneath  the  crown  of  the  dome. 
Huh  half  of  the  bow,  or  upper  flange,  is  strengthened  hy  a 
Kcoodaiy  truss  D  E  F,  At  first  sight  there  seems  some  ambiguity 
ibont  the  stnins,  inasmuch  as  three  braces  intersect  at  the  abut- 
meot,  and  we  cannot  say  how  the  reaction  of  the  latter  is  distributed 
imong  them.  On  a  little  consideration,  however,  the  matter  is 
ample;  let  us  confine  our  attention  to  the  ezt£mal  forces  which 
Wp  the  secondary  truss,  A  B  C  D  E  F,  in  equilibrium,  and  taking 
tlMT  moments  round  the  centre  of  the  ro(^,  we  have  the  moment 
i^tbe  tension  in  the  string  K  equal  to  the  upward  moment  of  the 
'^Ktion  of  the  left  abubnent  minus  the  downward  moments  of 
W,  and  W,.  We  can  thus  find  the  tenraon  in  the  string,  and 
Wwing  this  and  the  reaction  of  the  abutment,  we  can  readily 
&>d  their  resultants  in  A  and  D,  and  from  these  again  derive  the 
'''uiu  in  the  other  biaoes.  The  following  example  will  illustrate 
tliii  clearly.    It  has  been  worked  out  by  the  ^d  of  a  diagram  drawn 
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to  a  scale  of  5  feet  to  one  inch.  Let  Fig.  83  represent  a  suspension 
truss,  80  feet  in  span,  5  feet  in  depth  from  the  crown  to  a  horizontal 
line  joining  the  walUplates,  and  15  feet  in  total  depth.  The  bow 
is  divided  into  6  equal  bays,  and  the  secondary  truss  has  been 
formed  by  making  D  a  horizontal  line,  and  the  short  struts  Q  and  I 
parallel  to  the  radial  line  which  would  pass  through  the  centre  of 
B;  thus  A  =  B  =  C  =  E,  and  Q  =  I,  and  D  =  F.  Letthe  weight 
of  a  sector  of  the  circular  roof  supported  by  the  half-truss, 
A  B  C  L  K,  =  9  tons,  which  is  divided  among  the  apices  in  pro- 
portion to  the  area  of  the  sector  supported  by  each  bay  and, 
assuming  that  the  sector  is  a  triangle,  we  shall  have  the  weights  at 
the  several  apices  as  follows : — 

Wi  =  2}  tons, 

Z:zt :  ^=»'°"'- 

W.=   i   „ 

Since  W|  rests  directly  on  the  wall-plate,  we  may  leave  it  out  of 
consideration  in  calculating  the  longitudinal  stnuns  in  the  truss, 
though  it  will  be  necessary  to  consider  it  subsequently  when 
calculating  the  transverse  strength  of  A  as  an  independent  girder 
supporting  directly  its  proper  share  of  distributed  roof-load.  The 
secondary  truss,  A  B  C  D  E  F,  is  held  in  equilibrium  by 
1^.  The  oblique  pull  in  the  tie  K, 
2®.  The  upward  reaction  of  the  abutment,  =  W,  +  W,  -f-  W4 

=  6^  tons, 
3**.  The  downward  pressures  of  W,  and  W,, 
4^.  W4,  the  thrust  of  the  central  strut  L,  and  that  of  the  opposite 
half-truss, — all  three  intersecting  at  the  crown. 
If  we  take  moments  round  the  crown  we  get  rid  of  the  three 
latter  forces,  but  to  do  this  we  must  find  by  scale 

the  leverage  of  K  round  the  crown  =  14*58  feet, 
do.  Wj  do.  =  26-85  feet, 

do.  W,  do.  =  13-45  feet. 

Taking  moments  round  the  crown,  we  have  the 

tension  in  K  =  625  X  40-(4  x  26-85  +  2  x  13-45)  ^^.33  ^^ 

14'68 
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We  now  know  two  of  the  forces  meeting  at  the  abutment,  namely, 
the  upward  reaction  of  the  abutment,  =  6^  tons,  and  the  tension 
in  K,  =  7*93  tons.  Finding  the  resultant  of  these,  and  decom- 
posing it  in  the  directions  of  A  and  D,  we  find  the  compression  in 
A  =  +  21  tons,  and  the  tension  in  D  =  —  12*86  tons.  At  W, 
four  forces  meet,  namely,  the  thrust  in  A,  the  weight  W,,  the 
thrust  in  Q  and  the  thrust  in  B.  As  we  know  the  two  former 
forces  we  can  find  their  resultant,  and  decomposing  it  in  the 
directions  of  Q  and  B,  we  find  the  strains  in  these  equal  to  +  2*25 
tons  and  +  20*44  tons  respectively.  At  a,  four  forces  meet,  namely, 
the  tension  in  D,  the  thrust  in  Q,  and  the  tensions  in  E  and  H.* 
The  two  former  are  known,  and  finding  their  resultant  and  decom- 
posing it,  we  get  the  strain  in  E,  =  —  9'6  tons,  and  that  in 
H,  =  —  3*2  tons.  Proceeding  thus,  we  find  all  the  strains  which 
are  given  in  the  following  table. 


FLAHOH  AMD  BrACIHO. 

A 

B 

c 

D 

E 

F 

Q 

H 

1 

K 

L 

StraiaB  in  tons. 

+  21 

+3<h44 

+17-06 

-19^ 

-9-6 

-9*68 

+n5 

-81 

+  Mfi 

—  7-98 

+8-8 

The  compression  in  the  central  pillar,  L,  is  that  due  to  both 
sides  of  the  primary  truss,  and  should  equal  the  vertical  resultant 
of  the  strains  in  the  tie  bars  K  and  K^  This  will  be  a  check  on 
the  accuracy  of  the  work.  This  form  of  truss  is  that  generally 
used  for  supporting  the  roofs  of  gasholders;  the  truss,  however, 
does  not  come  into  action  unless  the  holder  is  empty,  for  when  it  is 
charged  with  gas  (the  pressure  of  which  sometimes  reaches  5 
inches  of  water),  the  upward  pressure  of  the  gas  is  greater  than  the 
weight  of  the  roof  and  lifts  both  it  and  the  sides  of  the  gasholder, 
and  an  explosion  would,  no  doubt,  sometimes  occur,  were  it  not 
for  the  domed  shape  of  the  roof  which  resists  internal  pressure  like 
the  ends  of  an  egg-ended  boiler. 

*  The  diagonal  H  is  required  because  W,  exceeds  W,  ;  in  practice,  howerer,  it  is 
generally  omitted. 
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CHAPTER  VIII. 


DEFLECTION. 


Class  1. — Girders  whose  sections  are  proportioned  so  as  to  produce 

uniform  strength. 

9M.  Defleetion  earre  eireolar  In  i^lrdcrs  of  nnilbm 
wtren^U — ^Amoimt  of  deflection  not  materially  alTeeted  hj 
the  well. — The  equations  generally  used  for  calculating  the  deflec- 
tions of  loaded  girders  are  based  on  the  assumption  that  the  section 
of  the  girder  is  uniform  throughout  its  ^entire  length,  that  is,  that 
there  is  the  same  amount  of  material  at  the  centre  as  at  the  ends. 
In  scientifically  constructed  girders,  however,  this  is  not  the  case. 
£ach  part  is  duly  proportioned  to  the  maximum  strain  which  can 
pass  through  it,  so  that  no  material  is  wasted ;  and  when  this  occurs 
in  a  girder  with  horizontal  flanges  and  a  uniformly  distributed 
load,  that  is,  the  load  which  produces  the  maximum  strain  in  the 
flanges,  these  latter  will,  as  has  been  already  shown  in  47,  taper 
from  the  centre,  where  their  section  is  greatest,  towards  the  ends 
as  the  ordinates  of  a  parabola.  The  girder  is  then  said  to  be  of 
uniform  strength,  because  the  unit-strain  in  each  flange  is  uniform 
throughout  the  whole  length  of  the  flange  and  no  part  has  an 
excess  of  material,  or  is  unduly  strained  beyond  the  rest  (19).  Now, 
as  the  contraction  and  elongation  are  according  to  Hookers  law 
proportional  to  the  unit-strain,  so  long  as  it  does  not  exceed  the 
limits  which  are  considered  safe  in  practice  (7),  the  contraction  per 
running  foot  of  the  upper  flange  will  be  uniform  throughout  its 
length,  and  the  extension  per  running  foot  of  the  lower  flange  will 
likewise  be  uniform  throughout  its  length;  and  this  uniform 
contraction  and  elongation  must  produce  a  circular  deflection,  since 
the  circle  is  the  only  curre  that  is  due  to  a  uniform  cause.  At  first 
sight  it  may  be  thought  that  the  continuous  web  of  the  plate  girder, 
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or  the  braced  web  of  the  hkttice  girder,  will  seriously  affect  the 
amount  of  the  deflection  curve ;  but  it  can  be  readily  shown  by 
carefully  constructed  diagrams,  in  which  the  alterations  of  length 
due  to  the  load  are  drawn  to  a  highly  exaggerated  scale,  that  the 
construction  of  the  web  has  scarcely  any  influence  on  the  curvature 
so  long  as  the  unit-strains  in  the  flanges  are  unaltered  in  amount  by 
the  method  of  construction,  and  it  is  only  when  this  is  tde  case  that 
a  fair  comparison  can  be  instituted  between  the  rival  girders. 

Fig.  1,  Plate  I.,  represents  one-half  of  a  diagonally  braced  girder 
of  the  simplest  form,  namely,  a  girder  with  one  system  of  triangles 
before  the  load  rests  upon  it.  Every  part  is  then  in  its  normal 
state,  and  the  girder  will  be  horizontal.  Now,  suppose  that  a 
uniform  load  deflects  it  and  shortens  each  bay  of  the  top,  or  com- 
pression, flange  by  a  certain  quantity,  while  it  lengthens  each  bay  of 
the  lower,  or  tension,  flange  to  a  similar  extent;  and  further,  let  us 
suppose  that  the  diagonals  are  alternately  shortened  and  lengthened 
by  equal  amounts,  according  as  they  are  struts  or  ties.  Fig.  2  now 
represents  the  girder;  the  deflection  curve  forms  a  segment  of  a 
circle  whose  centre  is  at  A,  a  little  to  the  left  of  the  vertical  line 
drawn  through  the  middle  of  the  girder.  Next,  suppose  that  the 
flanges  are  compressed  and  extended  as  in  Fig.  2,  but  that  the 
diagonals  remain  of  their  original  length  as  in  Fig.  1,  that  is,  that 
their  length  is  not  affected  by  the  load.  Fig.  3  is  the  result, 
which  it  will  be  perceived,  is  circular  and  differs  but  slightly 
from  Fig.  2,  having  its  centre,  however,  at  B,  in  the  vertical 
line  drawn  through  the  middle  of  the  girder.  It  may  at  first 
seem  strange  that  A,  the  centre  of  Fig.  2,  is  not  in  the  vertical 
line  passing  through  the  middle  of  the  ^rder.  This  is  due  to 
the  circumstance  that,  with  a  uniform  load,  the  two  central  dia- 
gonab,  d  and  d\  are  subject  to  the  same  strain,  either  both  lengthened 
or  both  shortened,  while  all  the  other  diagonals  are  alternately 
lengthened  and  shortened.  Hence,  a  very  slight  angle  is  produced 
at  the  centre,  as  shown  in  Fig.  4,  where  the  flanges  are  unaltered 
as  in  Fig.  1,  while  the  <Uagonals  are  altematbly  lengthened  and 
shortened  as  in  Fig.  2.  Considering,  however,  the  exaggerated 
scale  of  the  diagrams.  Fig.  4  is  practically  horizontal  when  compared 
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with  Figs.  2  or  3,  and  the  chief  effect  of  this  commoD  change  in 
the  length  of  the  two  central  diagonala  is  to  throw  the  centre  of 
each  half  of  the  girder  in  Fig.  2  a  little  t«  the  ri^t  or  left  of  the 
middle  line.  These  diagrams  give  very  interesUng  results ;  they 
show  that  the  curvature  of  flanged  girders  is  practically  independent 
of  chai^  of  form  in  the  web,  and  almost  entirely  due  to  the 
shortening  of  the  upper,  and  the  elongation  of  the  lower,  flange ; 
and  a  further  inference  may  be  derived  from  them,  viz.,  that 
deflection  is  practically  unaffected  by  the  nature  of  the  web, 
whether  it  be  formed  of  plates  or  lattice  bars,  provided  that  the 
unit^trains  in  the  flanges  are  not  increased  or  diminished  by  a 
different  formation  of  web.  Consequently,  if  there  be  two  girders 
of  equal  length  and  depth,  one  a  lattice,  the  other  a  plate  girder, 
having  the  same  unit-strains  transmitted  throughout  their  respective 
flanges,  they  will  both  deflect  to  the  same  extent. 

M4.  Formula  fbr  (he  defleetloa  of  circular  etirvca — 
DeHeetlon  oT  almllar  girder*  wtaem  equally  strained  varies 
as  their  linear  dlmeaslons. — The  drcumstance  of  the  curve  of 
a  loaded  girder  of  uniform  strength  b«iog  drcular  enables  us  to 
find  a  very  simple  equation  for  calculating  its  deflection. 

Let  adbgeh.  Fig.  84,  represent  a  girder  supported  at  both  ends 
and  of  uniform  strength  for  the  load,  which  generally  occurs  when 
the  load  is  uniformly  distributed. 
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Let    I  =  cuib  =  the  length  of  the  girder, 
c2  =  e2e  *=  the  depth, 
R  =  a/  =  the  radius  of  curvature, 
X  =  geli  —  adb  =  the  difference  in  length  of  the  flanges  after 

deflection, 
D  =  c(2  =  the  central  deflection. 
Since  the  deflection  is  very  small  compared  with  the  radius  of 
curvature,  we  may  assume  c/  =  a/*  r=  R,  and  ab  =  adb  =  /;  then 
{JSuelidy  jHx>p.  35,  book  iii.), 

By  similar  triangles,  '^  ^  T 

XZ 
whence,  by  substitution,       D  =  -^  (13^) 

Sd 
in  wluch  the  value  of  X  is  known,  as  it  depends  on  the  coeffidents 
of  elasticity  of  the  flanges  and  the  strains  to  which  they  are  subject. 
This  equation  for  the  deflection  curve  confirms  the  previous  inves- 
tigation, for  the  depth,  df  is  the  only  quantity  in  the  equation 
which  can  be  affected  by  a  change  in  the  length  of  the  diagonals, 
and  it  is  obvious  that  a  slight  change  in  the  value  of  d  will  not 
aflfect  that  of  D  to  any  appreciable  extent. 

It  follows  from  equation  132  that  when  similar  girders  sustain 
the  same  unit-strains  in  their  flanges,  their  deflections  will  vary 
directly  as  any  of  their  linear  dimensions. 

1.  The  length  and  depth  for  calciilation  of  the  Conway  tabtdtf  bridge  are 
412  feet  and  287  feet,  and  it  appears  from  ex.  2  (44)  that  the  inch-etrains 
in  the  lower  and  upper  flanges  at  the  centre  of  the  bridge  from  the  pennanent  load  are 
5'0<S7  tontf  and  3*948  tons  respectively ;  what  is  the  central  deflection  on  the  supposition 
that  the  flanges  are  of  uniform  strength,  which  is  veiy  nearly  true  I  The  ooeflBicient  of 
elastacity  of  witmght-iron  is  24,000,000  lbs.  s  10,714  tons  per  square  inch;  consequently, 
it  contracts  or  extends  tttKy^  ^^  ^^  length  for  each  ton  per  square  inch^  and  we  have 
the  following  data : — 

{  =  412  feet, 
d  =  287  feet, 

A.  =r  -i^  (6-O07  +  8-948)  =  '847  feet. 
Answer  (eq.  182).     D  =  ^  =    8^^  ^37^  ^  '^^*  ^^  ~  ^'^*^  ^^®*' 
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The  mean  deflectioii  of  the  two  tabee  immediately  on  removal  of  the  platfonn  was  8*04 
inches,  and  8  '98  inches  after  taking  a  permanent  set  due  to  strain.  When  the  penniment 
way  was  added  and  after  12  month's  use,  the  deflection  of  the  second  tabe  in  the 
month  of  January  was  10*8  inches.  The  deflection  in  hot  weather  would  douhtleas  be 
somewhat  less.  The  deflection,  from  additional  weight  placed  at  the  centre,  was  '01 104 
inch  for  each  ton.  {Clark,  p.  662.) 

Ex.  2.  The  length  and  depth  for  calculation  of  one  of  the  huge  tabes  of  the  Bxitaamia 
bridge  are  respectively  470  and  27*5  feet^  and  from  ex.  4  (44),  the  inch-strains  at  the 
centre  from  the  weight  of  the  tube  as  an  independent  girder  were  5*795  and  4*856  tons 
in  the  lower  and  upper  flanges  respectively.  What  was  the  central  deflection  t  Usiiig 
the  same  coefficient  of  elasticity  as  before,  we  have, 

I  -  470  feet^ 
d  =  27'5  feet, 

X  =  -^  (5-795  +.4*856)  =  *467  feet 

Anwer  (eq.  182).  D  =  ^  =  t^^  ^.^^^  =  1  foot  nearly. 
^^        '  8<<        8  X  27-6  "^ 

The  mean  deflection  of  the  two  tubes  of  the  up  line,  immediately  on  removing  the 

platfonn,  was  11*75  inches ;  the  mean  deflection  after  bdng  raised  was  12*57  inches. 

{Clark,  p.  678.) 

Ex.  8.  A  wrought-iron  girder  of  uniform  strengUi  is  84  feet  long  and  7  feet  deep. 
A  certain  load  produces  a  deflection  of  1*2  inches  at  the  centre ;  what  are  the  unit- 
strains  in  the  flanges  from  this  load  I    From  equation  182,  we  have, 

I  84 

The  inch-strains  in  both  flanges  together  =  '8  X  ^0>7}^  =  8*55  tons,  which  when 

^^      ^^  84  X  12 

divided  between  the  two  flanges  inversely  as  t&eir  sectional  areas,  will  give  the  inch- 
strain  in  each  flange  due  to  the  given  load. 

Class  2. — Girders  whose  section  is  uniform  throughout  their  length, 

995.  The  following  investigationB  are  based  on  the  law  of  uniform 
elastic  reaction,  and  are  therefore  only  applicable  to  girders  whose 
strains  lie  within  the  limits  of  elasticity  (7). 
Let  W  =  the  benc^g  weight, 

M  =  the  moment  of  resistance  of  the  horizontal  elastic 

forces  at  any  given  cross  section  of  the  girder  (50), 
a  =  the  horizontal  distance  of  the  same  section  from  the 

left  abutment, 
y  =  the  vertical  distance  of  any  fibre  in  the  section,  either 
above  or  below  the  neutral  axis, 
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/3  ==  the  breadth  of  the  section  at  the  distance  y  from  the 
neutral  axis,  and  consequently  a  variable,  except  in 
the  case  of  rectangular  sections, 
/  =  the  horizontal  unit-strain  exerted  by  fibres  in  the  given 

section  at  a  distance  c  from  its  neutral  axis, 
c  =  the  distance  from  the  neutral  axis  of  horizontal  fibres 

which  exert  the  unit-stndn  /, 
I  =  the  moment  of  inertia  of  any  cross  section  round  its 
neutral  axis,  and  consequently,  a  constant  quantity 
throughout  the  whole  length  of  the  girder  when  the 
latter  is  of  umform  section, 
R  =  the  radius  of  curvature, 
E  =  the  coefficient  of  elasticity. 
It  has  already  been  shown  (eq.  43)  that  M,  the  moment  of  the 
horizontal  elastic  forces  of  any  cross  section  round  its  neutral  axis, 
may  be  expressed  by  the  equation, 

provided  the  horizontal  fibres  are  not  strained  beyond  their  limit 
of  elastic  reaction.      When   the   girder   is   of  uniform    section 

throughout  its  length,  the  integral  \  ^y^dt/,  being  a  definite  integral, 

will  be  a  constant  throughout  the  girder,  and  as  it  happens  to 
express  the  moment  of  inertia  of  the  cross  section  round  its  neutral 
axis  (69),  we  may  substitute  for  this  integral  the  symbol  I,  when 
we  have 

M  =  ^1  (133) 

In  order  to  transform  this  equation  into  one  involving  the  co- 
ordinates of  the  deflection  curve,  we  must  substitute  for  the  three 
variables,  M,  /  and  c,  their  values  in  terms  of  the  co-ordinates  a 
and  y.     Let  us  first  deal  with  /  and  c. 

Fig.  85  represents  a  deflected  semi-girder,  whose  neutral  surface 

is  N  S. 

Let  ab  =  a  unit  of  length, 

i  and  i'  =  the  increment  and  decrement  in  length  of  a 
linear  unit  of  the  extreme  fibres  after  deflection. 
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Whea  the  horizontal  sti-uns  do  not  exceed  the  limits  of  elasticitj, 
we  have  the  following  relation, 

Sabstitatmg  this  in  eq.  133,  we  liave  the  moment  of  resistance, 

M  =  1 1  (134) 

From  the  principles  of  the  differential  calculus  we  know  that,  where 
the  deflection  is  small  compared  with  the  length  of  the  curve, 

^=__J  nearly. 

whence,  by  substitution  in  eq.  134,  we  have, 

"=-  =  '3  ('35) 

in  which  M  is  a  positive  or  negative  moment  according  as  the 
upper  fiange  is  in  compression  or  tension,  y  being  measured  down- 
wards. This  equation  expresses  the  moment  of  resistance  of  the 
horizontal  elastic  forces  at  any  section  of  a  girder  in  terms  of 
the  ordinates  of  the  deflection  curve,  the  coefficient  of  elasticity,  and 
the  moment  of  inertia  of  the  cross  section  round  its  neutral  axis. 
In  order  to  solve  eq.  135,  there  still  remans  before  integration  to 
substitute  for  the  variable  M  its  value  in  terms  of  the  ordinates  of 
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the  deflection  cnrvey  which  may  be  derived  from  the  leverage  of 
the  weight,  observing  that  the  moments  of  forces  are  to  be  taken  as 
positive  or  negative  according  as  they  tend  to  compress  or  extend 
the  npper  flange.  To  eflect  this  substitution  we  must  consider 
each  case  separately,  and  after  integration,  the  value  of  I,  which  is 
a  difierent  constant  for  each  form  of  section,  may  be  obtained  by 

multiplying  the  values  of  M,  ah'eady  determined  in  (91)  and  the 

• 

succeeding  articles,  by  >  (eq.  133). 


CASE  I. — SEMI-GIBDERS  OF  UNIFOBM  SECTION  LOADED  AT  THE 

EXTBEMITT. 

ttO.   Let  W  =  the  load  at  the  extremity, 

I  z=  the  length  of  the  semi-girder, 

X  =  the  abscissa  of  the  deflection  curve  measured 

from  the  fixed  end, 
y  =z  the  ordinate  of  the  deflection  curve  measured 

downwards, 
D  =  the  deflection  at  the  extremity, 
M  =  the  moment  of  resistance   of   the   horizontal 
elastic  forces  at  any  given  section,  whose 
distance  from  the  fixed  ends  =:  x  (50), 
I  =  the  moment  of  inertia  of  any  cross  section, 
E  =  the  coefficient  of  elasticity. 
Taking  moments  round  the  neutral  axis  of  the  given  section,  we 

have, 

M  =  — W(Z  — ^) 

Substituting  this  in  eq.  135,  we  have, 

Integrating, 

E  I  ^  =  W  ( /^  —  -- J  +  constant. 

The  constant  =  0,  for  when  ^  =  0,  ^  also  =:  0,  since  the  tangent 
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of  the  curve  is  horizontal  at  the  fixed  end.  Integrating  agidn,  and 
determining  that  the  new  constant  =z  0,  from  the  consideration  that 
y  =  0  when  ^  =  0,  we  have, 

Ely  =  w(^-^)  (136) 

This  is  the  equation  of  the  deflection  curve,  y  being  the  deflection 
at  any  point  whose  distance  from  the  fixed  end  equals  x. 
At  the  extremity  where  ^  =z  Z,  y  =:  D,  and  we  have, 

EID  =  W^ 

6 

whence,  ^  _  WZ'  ..  „-v 

887.  Solid  rectaniralar  neml-iplrders — ^l^flectlon  of  solid 
square  girders  Is  the  same  with  the  sides  or  one  diagonal 

Tertleal. — Let  h  =  the  breadth  and  d  =  the  depth.  From  eqs. 
46,  133,  and  137, 

Comparing  eqs.  46  and  47,  we  find  that  the  deflection  of  solid 
square  girders  is  the  same  whether  the  diagonal  or  one  side  be 
vertical.     Their  strength,  however,  is  not  the  same  (§6). 

Ex.  The  piece  of  Memel  timber,  described  in  Ex.  4  (0^),  deflected  0*66  inch  from 
a  load  of  336  Ibe.  hung  at  its  extremity ;  what  is  the  value  of  E  \ 

Here,    W  =  836  lbs., 
2  =  24  inches, 
&  ==  1'94  inches, 
(2  =  2  inches, 
D  =  0-66  inch. 

Antfwer  (eq.  138).     E  =  ^^  =  1,800,000 lbs. 

tt8.  Solid  ronnd  seml-i^lrders. — Let  r  =  the  radius.  From 
eqs.  48,  133,  and  137, 

D  =  i^  (139) 

ttO.  Hollow  ronnd  Keml-i^rders  oranifbrni  thlekness. — 

Let  t  =  the  thickness  of  the  tube,  supposed  small  in  proportion  to 
its  radius  r.     From  eqs.  50,  133,  and  137, 

D  =  -^^  (140) 
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tSO.  Send-fffrders  witb  parallel  flanires. — ^When  the  web 
is  formed  of  bradng,  or  if  oontinuouB,  is  yet  so  thin  that  we  may 
safely  neglect  the  support  it  gives  the  flanges,  we  have  from  eqs. 
55,  133,  and  137, 

=  =  !^  <"l) 

where  A  =  aj  +  ^s  =  the  sum  of  the  areas  of  the  two  flanges,  and 

d  =  the  depth  of  the  web. 

When  the  web  is  taken  into  account  and  the  flanges  are  of  equal 

area, 

let  a  =  the  area  of  either  flange, 

a'  =  the  area  of  the  web. 

Prom  eqs.  57, 133,  and  137, 

D  =  ^,,r       ,,^  (142). 

E(6a  +  a')(P  ^      ' 

tai.  Square  taliefl  of  anlfbrm  thleknessx  witk  the  sides 
or  one  dlanronal  Tertleal. — From  eqs.  59,  133,  and  137, 

where  h  and  i^  are  the  external  and  internal  breadths. 

If  the  thickness  of  the  tube  be  small  compared  ¥rith  the  breadth, 
we  have  from  eqs.  60,  133,  and  137, 

in  which  t  represents  the  thickness  of  one  side. 


CASE    II. — SEMI-GIBDEBS    OF    UNIFORM    SECTION    LOADED 

UNIFORMLY. 

Mt.  Let  I  =z  the  length  of  the  semi-girder, 

a:  =  the  abscissa  of  the  deflection  curve  measured  from 

the  fixed  end, 
y  =  the   ordinate  of  the  deflection  curve  measured 

downwards, 
w  =  the  load  per  unit  of  length, 
Yf  =  wl  :=  the  whole  load. 
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D  =  the  deflection  fCt  the  extremity, 
M  =  the  moment  of  resistance  of  the  horizontal  elastic 
forces  at  any  given  section,  whose  distance  from 
the  fixed  end  =  x  (50), 
E  =  the  coefficient  of  elasticity. 
Taking  moments  round  the  neutral  axis  of  the  given  sectioB,  we 
have, 

M  =  -|(i-x)» 
Substituting  this  in  eq.  135,  we  have. 

Integrating, 

E  I  ^  =  —  ^  (^  —  ^)'  +  constant. 

When  0?  =  0,  -^  =  0  also ;  hence,  the  constant  equals  -tt-.    Substi- 
tuting this  value  and  integrating  again, 

Ely  =  ^{l  —  xf  +  ^  +  constant. 

Determining  the  second  constant  by  the  consideration  that  y  =  0 
when  a?  =  0,  we  have, 

At  the  extremity  where  x  zs  I,  y  =  D,  and  we  have, 

-,  _  wl*       WZ»  ,, 

''  =  8Er=8El  (^*^> 

88S.  l^flecHon  of  a  send-irlrder  loaded  onilbmily  equals 
tiiree-eiffiitlui  of  Its  defleetlon  witb  the  same  load  eoneen- 

trated  at  Its  extrendty. — Comparing  eqs.  145  and  137,  we  see 
that  the  deflection  of  a  semi-girder  loaded  uniformly  is  to  its  deflec- 
tion with  the  same  load  concentrated  at  the  extremity  as  f .  Hence, 
to  obtain  the  deflections  of  the  various  classes  of  semi-girders  in  the 
case  of  a  uniform  load,  we  have  merely  to  multiply  the  formulae  in 
the  preceding  case  by  f ,  recollecting  that  W  will  now  represent  the 
uniformly  distributed  load. 
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CASE  ni. — 6IBBEBS  OF  UNIFOBM  SECTION  SUPPOBTED  AT  BOTH 

ENDS  AND  LOADED  AT  THE   CENTRE. 

tM.  Let     /  =  the  length  of  the  girder, 

X  =  the  abscissa  of  the  deflection  curve  measured 

from  the  left  end  of  the  girder, 
y  z=  the  ordinate  of  the  deflection  curve  measured 
downwards, 
W  =  the  load  at  the  centre, 
D  =  the  deflection  at  the  centre, 
M  =  the  moment  of  resistance  of  the  horizontal  elastic 
forces  at  any  given  section  whose  distance  from 
the  left  end  =  x  (50), 
E  =  the  coefficient  of  elasticity. 
Taking  moments  round  the  neutral  axis  of  the  given  section,  we 
have  .«       Ytx 


2 
Substituting  this  in  eq.  135,  we  have, 


hitegrating, 


E  I  ^  = 5 h  constant. 

dx  -4 


To  determine  the  constant,  we  must  recollect  that  the  tangent  of 
the  curve  is  horizontal  at  the  centre;  hence,  j-  =  0  when  4?  =z  ^, 

and  the  constant  =  -r-r ;  substituting  this, 

Integrating  agtun,  and  observing  that  the  second  constant  =  0 
from  the  consideration  that  ^  =  0  when  x  =  0,  we  have, 

▼hich  is  the  equation  of  the  deflection  curve. 


dx 
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At  the  centre  where  ^  =  x,  y  =  D,  and  we  have, 

D  =  ^  (146) 

M5«  Solid  rectaniriilAr  n^lrders. — From  eqs.  46,  133,  and 
146, 

in  which  b  and  d  represent  the  breadth  and  depth  of  the  girder. 

Ex.  From  the  mean  of  five  experiments  made  by  Mr.  HodgkinBon  on  Blaenavon 
cast-iron,  No.  2,*  it  appears  that  the  brealdng  weight  and  ultimate  deflection  of  a 
rectangular  bar  13  feet  6  inches  between  points  of  support,  8  inches  wide  and  14  inch 
deep,  are  respectively  819  lbs.  and  10*46  inches ;  what  is  the  value  of  the  ooeflicient  of 
transverse  elasticity  at  the  limit  of  rupture  ? 

Here,    W  =  819  lbs. 
I  =  18*6  feet, 
b  =  Z  inches, 
d  =  l'5  inches, 
D  =  10*46  inches. 

Ant.  (eq.  147).  E  =  -^,  =  .  ^^?i^J^^'l^  ^5'rv.  =  8,200,000  lbs.  per  square  inch. 
^^  4DM»      4  X  10*46  X  3  X  (1'5)»        *      '  *^  ^ 

The  deflection  of  the  same  bar  when  loaded  with  260  lbs.,  which  was  within  the  limit  of 

elasticity,  was  2  inches.    What  was  its  coefficient  of  elasticity  within  this  limit  T 

Here,    W  =  260  lbs. 

D  s     2  inches. 

A  «««-^     p  _  260  X  (13*5  X  12)»  _  1 «  flftA  AAA  lu. 
^'*^-     ^  =  4  X  2  X  8  X  (1*5)»  -  ^^>^QQ'QQQ  ^^ 

The  reader  should  be  informed  that  this  coefficient  of  transverse  elasticity  of  Blaenavon 

iron  is  less  than  that  of  average  cast-iron,  especially  when  mixed. 

tSO.  Solid  round  girders. — ^From  eqs.  48,  133,  and  146, 

WP 

D  =  -i^^  (148) 

in  which  r  represents  the  radius. 

1^39.  Hollow  roand  irlrders  of  nnlfiirm  thlekneMU — From 
eqs.  50,  133,  and  146, 

in  which  t  represents  the  thickness  of  the  tube,  supposed  small  in 
proportion  to  its  radius  r. 

*  See  Jl^art  of  Com,  p.  69. 


CHAP.  VIII.]  DEFLECTION.  177 

tS8.  CHrders  wttk  parallel  flaiiffes.—  When  the  vertical  web 
is  formed  of  bracing,  or  if  continuous,  yet  so  thin  that  it  affords 
but  slight  assistance  to  the  flanges  in  sustaining  horizontal  strains, 
its  stiffness  as  an  independent  girder  may  be  neglected,  and  we  have 
from  eqs.  55, 133,  and  146, 

in  which  A  =  a|  +  ^  =  ^^^  ^^^  of  the  areas  of  the  top  and  bottom 
flanges,  and  d  =  the  depth  of  the  web. 

When  the  web  is  taken  into  account,  and  the  flanges  are  of  equal 
area,  (torn  eqs.  57,  133,  and  146, 

°  =  4E(6a  +'a')(P  (^^^> 

in  which  a  =  the  area  of  one  flange  and  a'  =  that  of  the  web. 

MO.  The  deflections  of  girders  of  other  forms  of  section  may  be 
obtuned  in  a  similar  manner  from  eqs.  133  and  146  by  substi- 
tuting for  M  the  corresponding  values  given  in  Chap.  IV. 


CASE  IV. — GIBDEBS  OF  UNIFOKM  SECTION  SUPPOBTED  AT  BOTH 

ENDS  AND  LOADED   UNIFOBMLY. 

940.    Let  I  =  the  length  of  the  girder,  . 
w  =  the  load  per  linear  unit, 
Yf  =  tol=  the  whole  load, 
X  =  the  abscissa  of  the  deflection  curve  measured  from 

the  left  end  of  the  girder, 
y  =  the  ordinate  of  the  deflection  curve  measured 

downwards, 
D  =  the  deflection  at  the  centre, 
M  =  the  moment  of  resistance  of  the  horizontal  elastic 

forces  at  any  given  section  whose  distance  from 

the  left  end  =  a  (50), 
E  =  the  coefficient  of  elasticity. 

N 
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Taking  moments  round  the  neutral  axis  of  the  givei^  section,  we 
have, 

Substituting  this  in  eq.  135,  we  have 
Integrating, 

When  ^  =  ^,  -^  =  0,  and  the  constant  becomes  -^  ;,  substituting 
this, 


^""2^\3""T"''  12/ 


Integrating  again,  and  observing  that  the  second  constant  =  0 
from  the  consideration  that  ^  =  0  when  ^  =:  0, 


which  is  the  equation  of  the  deflection  curve. 
At  the  centre  where  ^  =  ^,  y  =:  D,  and  we  have, 

'^  =  384E1  =  384ET  ^^^^^ 

Ml.  Central  defleetlon  of  a  girder  loaded  vnlfbrmly  eqaals 
flTe-elshtlui  of  Its  deOectlon  with  the  same  load  eoneentrated 
at  the  centre. — Comparing  eqs.  153  and  146,  we  find  that  the 
central  deflection  of  a  girder  loaded  uniformly  is  §ths  of  the 
deflection  if  the  same  load  were  concentrated  at  the  centre.  This 
has  been  corroborated  by  experiments  by  M.  Dupin  on  rectangular 
girders  of  oak.* 

t4t.  Solid  reetaniriiiAr  girders. — From  eqs.  46,  133,  and 
153, 

■"  32EM»  ""  32E6d»  ^      ^ 

where  b  and  d  represent  the  breadth  and  depth  of  the  girder. 

« 

*  Mcrin,  p.  140. 
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Comparing  eqs.  46  and  47,  we  find  that  the  deflection  of  solid 
square  ^rders  is  the  same,  whether  one  side  or  the  diagonal  be 
vertical.  The  former,  however,  is  theoretically  1*414  times  stronger 
than  the  latter  (86). 

94S.  Solid  round  i^lrdera. — From  eqs.  48,  133,  and  153, 

0^_5t^^    MVZ^  (155) 

96ETr^      96  Et/*  ^      ' 

where  r  represents  the  radius  of  the  cylinder. 

844.  Hollow  round  n^lrders  of  nnlfbrm  thickness. — From 
eqs.  50,  133,  and  153, 

D=      5.Z^      ^     5WP 

384Exr»^       384ETr»^  ^       ^ 

where  r  =  the  radius,  and  t  =  the  thickness  of  the  tube,  supposed 
small  in  comparison  with  the  radius. 

•45.  Cilrders  with  parallel  flanires. — When  the  web  is  formed 
of  bracing,  or  if  continuous,  yet  so  thin  that  its  strength  as  an 
independent  ^rder  may  be  neglected,  we  have  firom  eqs.  55,  133, 
and  153, 

D=       SAtrZ^      =      5AWZ3 

3»4  Ea,ajc/«       384E^;^  ^^^  '> 

where  A  =z  a,  +  ^3  =  the  sum  of  the  areas  of  top  and  bottom 
flanges,  and  d  =  the  depth  of  the  web. 

If  the  web  be  taken  into  account  and  if  the  flanges  have  equal 
areas,  from  eqs.  57,  133,  and  153, 

32  E(6a  +  aOrf*  ""  32  £(6a  +  a!)d?  ^^^^ 

where  a  =  the  area  of  one  flange,  and  o!  =  that  of  the  web. 

t40.  DIserepaney  between  4Miefflelen(s  ofelastlelty  derlTed 
flrom  direct  and  flrom  transTerse  strain. — The  coefficients  of 
elasticity  derived  from  experiments  on  transverse  strain  do  not 
always  agree  with  those  derived  from  direct  longitudinal  tension 
or  compression ;  they  vary  also  with  difierent  forms  of  cross  section, 
as  exhibited  in  the  following  table,  which  contains  the  coefficients 
of  transverse  elasticity  of  cast  and  wrought-iron  girders  of  the  more 
usual  forms  of  cross  section. 
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ICATSRIiJ.. 


Valne  of  E,  the  eoefllcient  of  traaBrene 
elMtldty  per  square  Inch. 


Cast-Ibov. 

1.  BectangulAr  ban  of  simple  cast-iions, 

2.  Do.  do.      mixed        do., 

3.  BectangnlftT,  drcular,  or  eUiptSoal  tabes,  . 

4.  Double-flADged  girders,      .        .        .        . 

Wbouoht-Ibov. 

5.  Doable-flftnged  rolled  beams,  for  floors,  kc, 

6.  Single-'^ebbed  doable-flanged  plate  girders, 
riveted, 

7.  Tubular  plate  girders,        .... 
&     Convray  tubulitf  bridge,     .        .        .        . 


lbs. 

15,200,000 
18,892,000 
12,215,000 
13,200,000 


16,360,000 

to 
21,670,000 

14,816,000 
23,610,000 
18,754,000 


tons. 

6,785 
8,434 
5,453 

5,899 


7,304 

to 
9,630 

6,391 

10,541 

8,372 


1.  Experimental  Reteareheiy  p.  404. 

2.  8.  4.  6.  7.  8.  Marin,  pp.  260,  264,  269,  299,  322,  323. 
5.  Idem,  p.  293, ^and  Mr.  W,  Anderton. 
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CHAPTER  IX. 

CONTINCODa   OIBDER8. 

947,  Ceattnaltr — COBtrary  Hexore — Points  orinDexloB. — 

A  girder  is  siud  to  be  coDtinuouB  when  it  overhangs  its  bearings,  or 
is  sub-divided  into  more  than  one  span  b;  one  or  more  intermediate 
points  of  support.  When  a  loaded  girder  ia  balanced  on  a  single 
pier  at  or  near  its  centre,  like  the  beam  of  a  pair  of  scales,  the 
upper  flange  is  subject  to  tension,  the  lower  one  to  compresnon, 
and  the  girder  becomes  curved  with  the  convex  flange  uppermost. 
If,  however,  the  same  ^rder  be  supported  at  its  extremities,  the 
pier  being  removed,  the  strains  in  the  flanges  are  reversed,  the 
upper  flange  being  now  compressed  and  the  lower  one  extended, 
and  in  this  case  the  convex  flange  is  underneath.  If,  while  in  this 
latter  position,  we  replace  the  central  pier  so  as  to  form  two  spans, 
the  girder  becomes  continuous  and  partakes  of  the  nature  of  both 
the  independent  girders;  each  flange  is  in  part  extended,  in  part 
compressed,  and  the  curve  becomes  a  waved  line.  Let  Fig.  US 
represent  a  continuous  girder  of  two  spans  uniformly  loaded. 

Hg.  88. 


The  central  segment  B  B'  resembles  the  independent  girder  in 
the  flrst  case,  namely,  when  balanced  over  a  pier;  the  extreme 
segments,  AB,  B'A',  resemble  it  in  the  second  case,  since  one 
end  of  each  rests  upon  an  abutment  and  the  other  end  is  sup- 
ported by  the  central  segment,  which  thus  sustains  besides  its 
own   proper  load   an   additional    weight    suspended    from   each 
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extremity,  equal  to  the  half  load  on  each  of  the  end  segments. 
The  points  B,  B^  where  the  curvature  alters  its  direction,  are 
called  the  paints  of  contrary  flexure^  or  more  briefly,  the  points  of 
inflexion.  The  curves  of  the  end  and  central  segments  have 
common  tangents  at  these  points,  and  here  the  strains  in  the 
flanges  change  from  tension  to  compression,  and  vice  versa. 
Exactly  at  these  points  the  strains  in  the  flanges  are  cipher; 
consequently,  the  flanges  might  be  severed  there  without  altering 
the  conditions  of  equilibrium  in  any  respect.  In  fact,  a  continuous 
girder  may  be  regarded  as  formed  of  independent  girders  connected 
merely  by  chains  at  the  points  of  inflexion.  In  braced  girders  the 
bracing  acts  as  the  chain,  in  others  the  continuous  web. 

848.  Passlnir  load. — For  the  investigation  of  the  strains  in  a 
continuous  ^rder  it  is  necessary — ^first,  to  find  the  points  of  inflexion, 
and  afterwards  to  calculate  the  strains  in  the  separate  segments  on 
the  principles  already  laid  down  for  independent  girders.     A  passing 
load  complicates  the  question,  for  its  effect  is  to  alter  the  position  of 
the  points  of  inflexion,  and  consequently  the  lengths  of  the  component 
segments;  if,  for  instance,  a  passing  train  covers  the  left  span,  its 
deflection  will  be  increased  and  that  of  the  right  span  diminished, 
or  even  altogether  removed,  if  the  passing  load  be  sufficiently 
heavy  to  lift  the  right  end  ofi^  the  abutment  A^     The  efiect  of 
this  partial  loading  on  the  points  of  inflexion  will  be  to  bring  B 
nearer  to,  and  remove  B^  farther  from,  the  central  pier,  and  this  is 
that  disposition  of  the  load  which  gives  the  greatest  length  to  the 
segment  AB;   it  is  necessary,  therefore,  in  the  case  of  a  passing 
load  to  find  this  new  position  of  the  points  of  inflexion  and 
calculate  the  strains  in  A  B  as  an  independent  girder  of  this 
maximum  length.    Of  course,  the  same  calculations  will  suit  B^A^ 
when  it  is  of  maximum  length,   that  is,  when  the  right  span 
only  is  loaded.    The  central  segment,  B  B\  becomes  of  maximum 
length  when  the  load  is  uniformly  distributed  over  the  whole 
girder,  and  the  points  of  inflexion  have  to  be  determined  under 
this  condition  of  the  load  also.      Having   thus  calculated  the 
strength  of  each  part  when  subject  to  the  load  which  produces  the 
maximum  strain  in  the  flanges  of  that  port,  we  may  assume  that 
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there  is  sufficient  strength  for  any  other  disposition  of  the  load, 

since  the  motion  of  the  points  of  inflexion  is  restricted  within 

these  Umits.    The  reaction  of  either  abutment  is  equal  to  half 

the  load  on  the  adjacent  segment;  thus,  the  reaction  of  the  left 

abutment  equals  half  the  load  resting  upon  A  B.    The  reaction  of 

the  pier  equals  the  load  resting  upon  the  central  segment,  B  B^  plus 

the  sum  of  the  reactions  of  the  two  abutments. 

940.  ExperiniciiUil  method  of  flndlnir  the  points  of  In- 
flexion— ^Tke  depth  of  a  iflrder  does  not  allleet  the  position 

of  the  points  of  Inflexion. — The  following  method  of  finding  the 
points  of  inflection  depends  partly  on  theory,  partly  on  experiment, 
and  is  applicable  to  continuous  girders  contidning  any  number  of 
spans.  Take  a  long  rod  of  clean  yellow  pine  or  other  suitable 
material  to  represent  the  continuous  girder,  and  let  it  be  supported 
at  intervals  corresponding  to  the  spans  of  the  real  girder.  Next,  load 
this  model  uniformly  all  over,  or  each  span  separately,  or  in  pairs,  or 
make  any  other  disposition  of  the  load  which  can  occur  in  practice. 
Now,  it  is  clear  that,  if  the  model  and  its  load  be  a  tolerably 
accurate  representation  of  the  girder  and  its  load,  the  points  of 
inflection  of  the  former  will  correspond  with  those  of  the  latter; 
they  might  therefore  be  at  once  obtained  by  projecting  the  curves 
of  the  model  on  a  vertical  plane.  It  is  difficult,  however,  to  do 
this  so  as  to  determine  the  points  of  inflection  with  the  requisite 
accuracy,  for  the  exact  place  where  the  curvature  alters  is  never 
very  precisely  defined  to  the  eye.  The  pressures  on  the  points  of 
support  may,  however,  be  measured  with  considerable  accuracy, 
taking  the  precaution  of  keeping  them  all  in  the  same  horizontal 
line,  as  a  slight  error  in  their  level  would  seriously  affect  the 
curvature  and  lengths  of  the  component  segments.  We  shall 
assume  therefore  that  the  reactions  of  the  points  of  support  have 
been  thus  found  experimentally.* 

Let  Fig.  87  represent  a  continuous  girder  containing  any 
number  of  spans,  each  loaded  uniformly,  and  let  o,o,o,&c.,  represent 

*  It  is  a  Mf  e  precaution  to  measure  the  presBnTes  on  the  points  of  support  with  the 
rod  turned  upside  down  as  weU  as  erect,  and  then  take  the  mean  measurement  as  the 
tme  result. 


cONTmnous  giadebs. 


Buocesnve  pointo  of  inflection,  the   intervale   between  which  are 
called  Begments. 


Let  Ri,  R,.  R),  &a.  =  the  reactions  of  the  succesBive  points  of 
support  as  found  by  experiment, 
I,  I',  &C.  =  the  lengths  of  the  euccesaive  apane, 
V),  V)',  &a.  =  the  loads  per  linear  unit  on  each  span, 
a,b,c  =  the  lengths  of  certun  parts  of  the  girder, 
aa  represented  in  the  figure, 
Q  r:  the  centre  of  the  third  s^ment. 
Ri,  the  reaction  of  the  left  abutment,  is  equal  to  half  the  load  on 
the  flret  segment  a,  whence,  R,  =  ^,  and 
2R, 

This  equation  gives  the  distance  of  the  first  point  of  inflexion 
from  the  left  abutment,  since  R,  is  known  from  experiment. 

Rj,  the  reaction  of  the  first  pier,  is  equal  to  the  load  resting  on 
the  girder  as  fer  as  Q  minus  the  reaction  of  the  first  abatment ; 
that  is,  Rj  =  W  +  w'b  —  Rj,  whence, 

R    +  R        u-^ 

^  =  -^^V (160) 

AgMu,  taking  moments  round  either  flange  at  Q,  which  is  now  a 
known  point,  we  have, 

Fd  =  R,(/  +  b)+  R,6-w/(^  +  *)  -"t- 
in  which  F  =  the  strain  in  either  fiange  at  Q,  and  rf  =  the  depth 
of  the  girder;  but  from  eq.  25  we  have. 
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c  b^Dg  the  length  of  the  third  aegment,  as  nuirked  id  the  figure ; 
snbatitnting  this  value  for  Fd  and  arrangiDg,  we  have, 

■'  =  \/|{R,y  +  t)  +  R.»-w(i  +  6)-!^'}    (161) 

The  distance  of  the  second  point  of  inflexion  from  the  first  pier 

=  6  —  5,  and  so  on.     It  will  be  observed  that  the  depth  of  the 

girder  does  not  enter  into  these  equations,  and  therefore  does  not 
affect  the  portion  of  the  points  of  inflexion. 

SAO.  rractle«l  metbsd  of  Mslmt  (be  |M>lMte  of  IbScxIiw — 
GconoaUeal  posWoa  of  points  of  IbBcxIob. — I  shall  here  briefly 
describe  a  method  by  which  the  points  of  inflexion  of  braced  girders 
may  be  fixed  in  any  particular  bay  at  will,  so  that  there  may  be  no 
uncert^nt;  respecting  their  position,  or  so  that  they  may,  if 
desirable,  be  made  to  assume  that  position  which  is  most  advan- 
t^eous  for  economy  in  the  flanges. 

Fig.  88. 


Let  Fig.  88  represent  a  continuous  lattice  girder  capable  of  free 
horizontal  motion  on  the  pc»nts  of  support.  Suppose  that  the  point 
of  inflenoQ,  as  determined  by  theory,  is  at  a,  but  that  it  is  desirable 
to  fix  it  at  b,  that  is,  to  make  that  part  of  the  upper  flange  which 
lies  between  a  and  b  subject  to  tension  in  place  of  compression. 
This  may  be  effected  by  severing  the  flange  at  b,  and  lowering  the' 
end  of  the  girder  on  the  left  abutment  slightly,  so  as  just  to  separate 
the  parts  at  b.  The  left  segment,  cb,  will  then  assume  the  condition 
of  an  independent  girder  supported  at  one  extremity  by  the  abut- 
ment and  at  the  other  by  the  oblique  forces  in  dii^aals  d  and  e. 
The  upper  flange  from  c  to  &  will  undergo  compression,  from  b  to 
some  corresponding  point  in  the  second  span,  tension.     Further, 
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the  operation  of  fixing  the  point  of  inflexion  in  the  upper  flange 
determines  its  position  in  the  lower  one  also,  for,  when  the  former 
is  severed  at  b,  the  only  horizontal  forces  acting  upon  the  seg- 
ment cbf  are  the  etrains  in  the  lower  flange  at  /  and  the  horizontal 
component  of  the  strains  in  diagonals  d  and  e.     This  component 
must  therefore  be  exactly  equal  and  opposite  to  the  strain  at  /, 
otherwise,  the  left  segment,  cfr/,  will  move  either  to  the  right  or 
left,  since  by  hypothesis  it  is  ftee  to  move  horizontally  on  the 
abutment  (58).     Hence,  it  is  evident  that  the  point  of  inflexion 
in  the  lower  flange  is  not  far  from  /,  probably  not  farther  than 
the  adjoining  bay.     Its  position  is  determined  by  the  condition 
that  the  horizontal  component  of  the  strains  in  tlie  diagonals  inter- 
sected by  a  line  joining  the  points  of  inflexion  in  the  two  flanges 
is  equal  to  cipher.     Thus,  by  leaving  any  particular  bay  in  one  of 
the  flanges  of  a  continuous  girder  of  two  spans  permanently  severed, 
we  have  the  point  of  inflexion  in  that  span  fixed  under  all  conditions 
of  the  load ;  and  when  this  is  determined,  we  can  find  the  strains  in 
the  flanges  over  the  pier,  and  thence  deduce  the  position  of  the 
point  of  inflexion  in  the  second  span.     If  the  severed  flange  be 
united  when  any  given  load  rests  upon  the  girder,  though  the  point 
of  inflexion  will  move  with  every  change  of  load,  yet  it  will  return 
to  its  original  position  whenever  a  similar  load  rests  on  the  girder 
in  the  same  position  as  when  the  flange  was  first  severed. 

If  there  be  three  spans,  the  central  span  may  have  both  points  of 
inflexion  fixed  independently  of  each  other,  and  these  again  will 
determine  the  corresponding  points  in  the  side  spans.  The  operation 
is  safe  in  practice,  as  was  proved  at  the  Boyne  Viaduct,  where  the 
points  of  inflexion  in  the  centre  span  were  fixed  by  severance  in 
those  bays  in  which  theory  had  previously  indicated  their  probable 
existence.*  The  most  economical  arrangement  in  theory  for  the 
flanges  of  a  large  girder  of  one  span  uniformly  loaded  consists  in 
forming  points  of  inflexion  at  the  quarter-spans.  In  this  case  the 
end  segments  of  the  upper  flange  must  be  held  back  by  land  chains, 
as  in  suspension  bridges,  while  those  of  the  lower  flange  exert  a 

*  See  JDeacriptvm  of  the  JSojfne  Viaduot  in  the  Appendix. 


CHAP.  IX.]  CONTIHUODS  01BDEB8.  187 

horizontal  thrast  against  the  abutments  like  the  fiat  arch  (SIO). 
The  two  extreme  segments  of  the  girder  thus  form  semi-girders, 
while  the  central  segment  is  an  independent  girder  suspended 
between  them  by  the  web. 

The  following  theoretic  investigations  respecting  continuons 
girders  are  based  on  the  assumptioD  that  the  material  is  perfectly 
elastic,  sad  that  the  girder  is  of  uniform  section  throughout  its 
whole  length. 


CASE    I. — COimiHDOnS    OICDEES    OF    TWO   EQUAL  SPAfiS,   EACH 
LOADED  tJNirOBMLY  THROBQHOnT  ITS  WHOLE   LENGTH.* 


Sfil.  Pr«fiBnres  on  points  of  support — l*olBtS  oriaBcxloB — 
Deflection. — Let  ^  =  AB  =  BC  =  the  length  of  each  span, 
v>  =  the  load  per  linear  unit  of  AB, 
u/  =  the  load  per  linear  unit  of  BC, 
Ri,  R„  R,  =  the  reactions  of  the  three  points  of  support 
A,  B  and  C,  respectively, 
a  =  Ah  =  the  horizontal  distance  of  any  point  P 

from  the  left  abutment, 
y  =  hP  =  the  deflection  at  that  point, 
M  =  the  moment  of  resistance  of  the  horizontal 

elastic  forces  at  P  (A9), 
S  =  the  inclination  to  the  horizon  of  the  tangent 
to  the  curve  at  B, 

*  Sea  lb.  Fole'i  p^per  on  Uis  "  InTeatigktion  of  genenl  lormnl*  appUoabU  to  Ois 
TorkBey  bridge,"  Proe.  Imt.  C.  E.,  Vol  ix.,  p.  281. 


I 
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I  =  the  moment  of  inertia  of  any  croBS  section 
round  its  neutral  axis,  and  consequently,  a 
constant  quantity  throughout  the  whole 
length  of  the  girder  when  the  section  of  the 
latter  is  uniform  firom  end  to  end, 
E  =:  the  coefficient  of  elasticity . 
The  forces  which  hold  the  segment  AP  in  equilibrium  are  the 
reaction  of  the  left  abutment,  R| ;  the  load  wx  uniformly  distributed 
over  AP;   the   vertical  shearing-strain  at  P,  and  the  horizontal 
elastic  forces  at  the  same  place.    Taking  the  moments  of  these 
forces  round  the  neutral  axis  at  P,  we  have, 

M  =  R,a?-!^  (162) 

Substituting  for  M  its  value  in  eq.  135, 

Integrating  this,  and  determining  the  constant  by  the  consideration 
that  -f-  =  tofijS  when  «  =  Z,  we  have, 


dx 


'(|-^»^)  =  I(-'-^)-t(''-^> 


Integrating  again,  and  determining  the  second  constant  by  the 
consideration  that  y  =  0  when  a;  =  0,  we  have, 

El  iy-xtar^)  =  ^(j*_?xj -^(^-P*]       (163) 

which  is  the  equation  of  the  deflection  curve  from  A  to  B. 

At  the  point  B,  a;  =  Z  and  y  =  0 ;  substituting  these  values  in 
eq.  163,  we  have, 

ton^  =  2JET(3t^^-8Ri)  (164) 

Applying  a  similar  process  to  the  second  span,  and  remember- 
ing that  the  angle  j3  must  in  this  case  have  a  contrary  sign,  we 
have, 

ton^  =  ^(8R,-3«7)  (165) 
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R,Z_l^  =  R,/_'^  (166) 


Again,  taking  moments  round  B,  we  hare, 

wP       o  ,      v/P 
—  «R3^ 2 

also, 

Ri  +  Rj  +  R,  =  (u?  +  w')l  (167) 

By  solving  these  last  four  simultaneous  equations  we  obtain  the 
reactions  of  the  points  of  support,  as  follows: — 

R,  =  ^^^'i  (168) 

R,  =  ^{w  +  w')l  (169) 

R,  =  !!£l=l£;  (170) 

At  the  points  of  contrary  flexure  the  horizontal  forces  become 
cipher.  Hence,  the  distance  of  the  point  of  inflexion  in  the  left 
span  from  A  may  be  obtained  from  eq.  162,  by  making  M  =  0  and 
substituting  for  Rj  its  value  in  eq.  168,  as  follows: — 

*  =  2Rl  =  Z!^i  (171) 

Similarly,  the  distance  of  the  point  of  inflexion  in  the  right  span 
measured  from  C, 

The  deflection  y,  in  the  left  span,  may  be  derived  from  eq.  163  by 
substituting  for  tanS  its  value  in  eq.  164,  as  follows: — 

The  value  of  I  for  each  form  of  cross  section  may  be  obtained 
from  n  and  the  succeeding  articles  by  the  aid  of  eq.  133. 

The  maximum  strains  in  the  flanges  occur  over  the  pier,  and  half 
way  between  the  abutmtots  and  the  points  of  inflexion,  and  when 
the  latter  are  known,  may  be  easily  determined  on  the  principles  laid 
down  in  the  second  and  fourth  chapters  for  calculating  tiie  strains 
in  independent  girders;  see  eqs.  12  and  23  for  girders  with 
braced  webs;  or  70,  82  and  107  for  girders  with  continuous 
webs. 
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95t.  Both  s|iaiM  loaded  vBlfbrmly. — If  both  spans  have  the 
same  load  per  running  foot,  to  =  u)\  and  we  have 

R.  =  R,  =  |W  (174) 

R,  =  ^tol  (175) 

The  distance  of  each  point  of  inflexion  from  the  near  abutment, 

ie  =  h  (176) 


Ex.  The  Torksey  bridge  is  a  continnouB  girder  bridge  in  two  equal  spana,  and 
erected  by  Mr.  Fowler  to  cany  the  ICancheater,  Sheffield  and  Linoohiahire  Railway 
over  the  river  Trent.  Each  span  is  180  feet  long  in  the  dear,  with  a  donble  line  of 
railway  between  two  double-webbed  plate  main  girders  with  cellular  top  flanges. 
These  main  girders  are  25  feet  apart,  with  single- webbed  plate  cross-girders,  14  inches 
in  depth  and  2  feet  apart,  attached  to  the  lower  flanges.  The  extreme  depth  of  each 
main  girder  is  10  feet.  The  depth  from  centre  to  centre  of  flanges  is  9  feet  4|  inc^ee, 
or  -^th  of  each  span.  The  gross  sectional  area  of  each  top  flange  at  the  centre  of 
each  span  is  51  inches,  and  the  net  area  of  each  lower  flange  is  about  55  inches^  Tlie 
thickness  of  each  side  of  the  web  at  the  centre  of  each  span  is  i  inch,  increasing  to  •} 
inch  at  the  abutments  and  central  pier. 

The  load  on  each  span  of  180  feet  was  estimated  as  follows  : — 

'  Tons.        Tons. 

Rails  and  chairs,       ......        8 

Timber  platform, 15 

Cross-girders, 27      )      177 

BaOast,  4  inches  thick, 85 

Two  main  girders,     .  -        .        .      92 

Rolling  load,  as  agreed  upon  by.  Mr.  Fowler  and  Capt. 

Simmons  (Government  Inspector),    ....      195 


Total  distributed  load, 872  tons. 

The  strength  of  the  Torksey  bridge  as  a  continuous  girder  was  calculated  by  Mr. 
Pole  from  the  following  data  :— 

The  length  of  each  span  =  180  feet  =:  1,560  inches. 

The  total  distributed  load  on  the  first  span  =  iOO  tons,  or  for  each  girder 

200  tons. 
The  distributed  load  on  the  second  span  =  164  tons,  or  for  each  girder  82 

tons. 
The  coefficient  of  elasticity  is  taken  equal  to  10,000  tons  for  a  bar  one  inch 

square. 
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Bj  aqa.  1S8,  109,  and  170,  the  preMone  <d  one  main  glider  on  the  pdnta  of 
■appoit  an  »•  foUowi : — 

Bi=   62-975  toni. 

B,  =-  178'2fi0  ton*. 

B,  =    33-B7Ctoiu. 

B;  aq.  171,  the  diitance  of  the  point  of  iDfieotion  in  the  loaded  span  ii  2S  feet  11 

inohe*  tram  the  centre  pier.     The  moment  of  ineitia  =  872,(100  b;  Mr.  Fole'i  oalon- 

ladon.    The  distmce  of  the  top  plates  from  the  nentnl  aiii  =  Si  inohes ;  that  of  the 

bottom  pl&tec  from  the  wne  aiia  =  CS  inoheo,   and  the  maitmnm  itnfni  in  the 

flangea  of  the  longer  iq^ent,  107  feet  long,  are  I'SG  ton*  oompreeiion  per  aqnare 

Inch  of  grow  aiea  in  tlie  top  fiange,  and  4  tons  teoiioQ  per  aquwe  inoh  of  net  ana  in 

the  bottom  flange,    llie  deflection,  with  222  tona  distributed  over  one  ipan,  WM  1'2S 


CASE  II. — COKTINUODS   OIBDEBS    OF   THBEB   BTHHETBICAL 
SPANS  LOADED   BTUHETRICALLT.* 


•5B.  PreBsnrc  on  points  of  sapport — ^Polata  of  Inflcxhrn — 
DeflcctloB. — Let  Q  be  the  centre  of  the  centre  span, 

AB  ~  CO  =  I  =  the  length  of  each  side  span, 
AQ  =  n^, 
IT  =  the  load  per  linear  unit  on  each  side  span, 
vj'  =  the  load  per  linear  unit  on  the  centre  span, 
R,  =  the  reaction  of  ^ther  abutment,  A  or  D, 
R,  =  the  reaction  of  either  pier,  B  or  C, 
:e  =  A7i  =  the  horizontal  distance  of  any  point  P  irum 

the  leil  abutment, 
y  =  AP  =:  the  defiectioD  at  this  point, 
M  =  the  moment  of  reustance  of  the  horizontal  eUistic 
forces  at  P  (50), 

■  For  die  d^ant  faivertlgatfon  hi  IBS  and  SM  the  author  !■  indebted  to  Willi«n 
B.  Blood,  Esq.,  MmetinM  Profeaor  of  Civil  Engineerii^  In  Queen'a  College,  Galway. 
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|3  =  the  inclination  to  the  horizon  of  a  tangent  to  the 

curve  at  B  or  C, 
I  =  the  moment  of  inertia  of  any  cross  section  round 
its  neutral  axis,  and  consequently,  a  constant 
quantity  throughout  the  whole  length  of  the 
^rder  when  the  section  of  the  latter  is  uniform, 
E  =  the  coefficient  of  elasticity. 
It  can  be  shown  by  the  same  process  of  reasoning  as  that  adopted 
in  Ml  that  the  equation  of  equilibrium  for  any  point  P  in  the 
side  span,  AB,  is 


wx^ 


M  =  Ri«  — ^  (177) 


whence,  as  before, 


Um^  =  ^^{^l-%l<,)  (178) 

The  equation  of  equilibrium  for  any  point  in  the  centre  span  is 

M  =  R,4f  +  R,(^— Z>— 1./(*-0  — |^(x— 0»        (179) 
Substituting  for  M  itt  ^ue  in  eq.  135, 

Integrating,  and  determining  the  constant  by  the  consideration  that 
-^  =  tow(3  when  a?  =  /,  we  have, 

Elg=  El  ton^ +|ir(*-0  +  |^(x-/)'-5l±A(^»_P) 

+  R,/(«— /)  (180) 

which  is  the  equation  of  the  deflection  corre  from  B  to  C. 

Since  -^  =  0  when  x  =  nZ,  we  have, 

ton^  =  ^  {  -  ^  (n(n_  1)«  +  ^^^V)  +  ^^^(R,  +  R,) 

-(n-l)R,}  (181). 

also 

R,  +  R,  =  /  {w  +  (n— 1)  w'}  (182) 


CHAP.  IX.]  CONTINUOUS  GIBBERS.  193 

From  eqs.  178,  181,  and  182,  we  obtain  the  reactions  of  the  points 
of  support,  as  follows : — 

R,  =  I  (l-5n-1125)^-(n-l)W  ^^gg^ 

-        ,  (l-5n  —  0-875)  «?  +  (n»  —  2n  +  1 V  „  g. , 

R.  =  i  ^i^zi2 ^^^' 

The  distance  of  the  point  of  inflexion  in  either  side  span  from  the 
abutment  is  obtained  from  eq.  177  by  making  M  =  0. 

^  =  ^  (185) 

w 

The  distances  of  the  points  of  inflexion  in  the  centre  span  from  A 

are  obtuned  from  eq.  179  by  making  M  =  0,  substituting  for  Rj 

itsTalue  in  eq.  182,  and  solving  the  resulting  quadratic,  as  follows : — 

- = ^  {« ±  ^»*-i+5-'^;}       (^««> 

The  equation  for  the  deflection  of  the  side  spans  is  the  same  as 
eq.  173.  That  for  the  deflection  at  the  centre  of  the  centre  span 
where  x  =  n/,  is  obtained  by  integrating  eq.  180  and  determining 
the  coDfltant  by  the  consideration  that  y  =  0  when  ^  =  /,  as 

follows: — 

+  ?a^  („  _  1)«  +  E  I  tan^l  (n  —  1)  (187) 

The  Talue  of  I  for  each  form  of  cross  section  may  be  obtained  from 
n  and  the  following  articles  by  the  aid  of  eq.  133. 

t54.  Three  spani  loaded  nnUbmily. — If  the  girder  be  loaded 
uniformly  throughout  the  three  spans,  w  =  w\  and  the  pressures 
on  the  point  of  support  become 


— 


—  3n«  +  ^  +  0125 
2     

2^^3ii 


(188) 


125 


(189) 
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The  distance  of  the  point  of  inflexion  in  each  side  span  from  the 
abutment  is  as  before: — 

«  =  ^  (190) 

W 

The  distances  of  the  points  of  inflexion  in  the  centre  span  from  A 
are  as  follows : —  

*=i{n+N/n'-^/}  (191) 

If  the  radicle  in  eqs.  186  or  191  vanish,  there  will  be  no  strain 

at  Q,  and  the  centre  span  will  be  cambered  throughout.    If  the 

value  of  Ri  in  eqs.  183  or  188  be  negative,  the  ends  of  the  girder 

will  be  lifted  off  the  abutments,  owing  to  the  excess  of  load  on  the 

centre  span.* 

955.  Haxlmnin  strains  In  flani^es. — The  maximum  strains  in 

the  flanges  occur  as  follows : — in  the  side  spans  when  the  passing 
load  covers  both  side  spans,  leaving  the  centre  span  free  from  load; 
in  the  centre  span,  when  the  passing  load  covers  it  alone,  leaving 
both  side  spans  free  from  load;  and  over  either  pier,  when  the 
passing  load  covers  the  centre  span  and  the  adjacent  side  span, 
leaving  the  remote  side  span  free  from  load.  When  the  lengths 
of  the  component  segments  are  determined,  the  strains  in  the 
flanges  may  be  calculated  by  eqs.  12  and  23  if  the  ^rders  are 
diagonally  braced,  or  by  eqs.  70,  82  and  107  if  they  are  plate 
girders.  The  hypothesis  of  the  load  being  symmetrically  disposed 
on  either  side  of  the  centre  prevents  us  from  finding  the  points  of 
inflexion  when  the  segment  over  either  pier  is  of  maximum  length ; 
we  have,  however,  a  close  approximation  to  its  maximum  length  in 
the  case  of  a  passing  load  covering  all  three  spans,  and  if  desirable, 
a  small  extra  allowance  may  be  made  for  greater  security.  When 
the  maximum  length  of  the  segment  over  either  pier  is  thus  deter- 
mined, the  calculation  for  the  strains  in  its  flanges  are  made  as 
indicated  in  previous  chapters,  recollecting  that  each  of  these  pier 
segments  supports  not  only  it-s  own  proper  load,  but  also  the  weight 
of  half  the  adjoining  segments  with  their  load,  suspended  from  its 
extremities  by  the  vertical  web. 

*  The  reader  is  referred  to  the  description  of  the  Boyne  lattioe  bridge  in  the  Appendix 
for  a  practical  example  of  the  application  of  the  foregoing  formnlsB. 
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956.  Haxlmmn  strains  In  web — ^Ambi^aity  In  caicalAtlon. — 

Though  we  obtain  by  these  means  the  maximum  strains  of  either 
kind  to  which  the  flanges  are  subject,  it  does  not  follow  that  we  have 
also  got  the  maximum  strains  in  the  web.  Let  o,  for  example,  in 
Fig.  90,  be  the  point  of  inflexion  when  the  segment  Ao  is  of  maximum 
length.  I^ow  tlds  segment  does  not  remain  of  this  maximum  length 
while  a  train  is  passing  from  A  to  B,  that  is,  while  the  maximum 
strains  are  being  produced  in  the  web  of  Ao ;  the  point  of  inflexion 
is  much  closer  to  A  when  the  train  first  comes  upon  the  bridge 
(especially  if  the  centre  span  happens  to  be  traversed  at  the  same  time 
by  another  train),  and  gradually  moves  forward  towards  B  as  the 
train  advances.  It  is  incorrect  therefore  to  calculate  the  maximum 
strains  in  the  web  on  the  hypothesis  that  Ao  is  the  length  of  the 
segment  while  the  load  advances.  The  maximum  strain  in  a  diagonal, 
at  P  for  instance,  takes  place  when  the  load  covers  A  P,  but  the 
point  of  inflexion  is  then  really  nearer  A  than  the  point  o  is,  and  the 
maximum  strain  in  the  diagonal  at  P  is  therefore  greater  than  if  we 

« 

assume  the  segment  constant  in  length  during  the  advance  of  the 
train.  A  similar  or  even  greater  uncertainty  occurs  in  the  centre 
span,  for  there  neither  end  of  the  segment  is  fixed. 

959.  Permanent  load^  sheaiingHitraln. — ^When  a  continuous 
girder  supports  a  fixed  load,  the  strains  in  the  web  are  not  modified 
at  the  points  of  inflexion.  The  horizontal  strains  in  the  flanges 
change  from  tension  to  compression,  or  vice  versa,  at  these  points, 
but  the  vertical  or  diagonal  strains  are  transmitted  through  the  web 
just  as  if  no  points  of  inflexion  existed.  The  effect  of  contrary 
flexure  is  merely  this ;  the  horizontal  increments  of  strain  developed 
in  the  flanges  pull  from  the  piers  in  place  of  thrusting  towards  the 
centres  of  the  component  segments,  and  vice  versa.  Hence,  when  a 
continuous  girder  of  three,  five,  or  any  uneven  number  of  spans, 
is  synmietrically  loaded,  the  strains  throughout  the  web  of  the 
centre  span  are  the  same  as  if  the  centre  span  were  an  independent 
girder  supported  at  its  extremities.  This  perhaps  will  be  made 
clearer  from  the  consideration  that  the  shearing-strain  at  any  section 
in  the  centre  span,  when  the  points  of  inflexion  are  symmetrical, 
is  equal  to  the  weight  between  the  section  and  the  centre  of  the 
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span,  and  this  is  the  case  whether  there  be  any  point  of  inflexion 
or  not.  Thus,  the  shearing-strain  at  any  point/,  Fig.  90,  is  equal 
to  the  load  on  fo*  +  that  on  o'Q;  but  if  the  central  span  were  an 
independent  girder,  resting  on  abutments  at  B  and  C  and  uniformly 
loaded,  the  shearing-strain  at  /  would  equal  the  load  on  /Q,  that 
is,  it  would  be  the  same  as  before. 

958.  AAvanta^es  of  contlnnlty — ^Mot  desirable  fbr  small 
spans  with  iiasslnir  loads,  or  where  the  fbandatlens  are 
Inseenre. — The  advantage  of  continuity  arises  from  two  causes; 
first,  from  the  smaller  amount  of  material  required  in  the  flanges ; 
secondly,  from  the  removal  of  a  certain  portion  of  their  weight  from 
the  central  part  of  each  span  to  a  position  nearer  the  piers.  The  latter 
is  but  a  trilling  advantage  in  continuous  girders  of  moderate  spans,  say 
under  150  feet,  which  support  heavy  passing  loads,  for  the  part  so 
removed  forms  but  a  small  proportion  of  the  total  weight.  In  the  case 
of  a  fixed  load,  however,  the  saving  from  this  cause  is  considerable ; 
but  when  the  load  is  a  passing  train  the  advantages  of  continuity 
are  liable  to  be  over-rated,  especially  in  girders  of  small  spans,  for 
on  a  little  reflection  it  will  be  evident  that,  when  the  points  of 
inflexion  move  under  the  influence  of  the  passing  load,  a  greater 
amount  of  material  is  required  than  if  their  position  remained 
stationary,  and  this  moreover  introduces  the  necessity  of  providing 
for  both  tension  and  compression  in  those  parts  of  the  flanges  which 
lie  within  the  range  of  the  points  of  inflexion ;  this  latter  objection 
is  perhaps  of  little  consequence  when  wrought-iron  is  the  niaterial 
employed.  A  subsidence  of  any  of  the  points  of  support  of  a  con- 
tinuous girder  will  cause  a  change  of  strain  whose  amount  it  is  quite 
impossible  to  foresee,  and  which  may  seriously  injure  the  structure 
or  perhaps  render  it  dangerous.  Hence,  continuous  girders  should 
be  avoided  where  the  foundations  of  the  piers  are  insecure.  In 
bridges  of  large  span,  where  the  permanent  load  constitutes  the 
greater  portion  of  the  whole  weight,  the  advantage  of  continuity  is 
very  considerable.  The  position  of  each  point  of  inflexion  alters  but 
little  with  a  passing  load,  and  a  considerable  portion  of  the  per- 
manent weight,  which  would  otherwise  rest  at,  or  near  thp  centre, 
of  each  span,  is  brouglit  close  to  the  points  of  support. 
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CASE  III. — OIRDEB8  OF  UNIFOBH  SECTION  IMBEDDED  AT  BOTH 
ENDS  AMD  LOADED   UNIFOfiHLT. 


U9.  StraiB  at  centre  theoretically  one-third,  and  HtrenK^ 
Iheoretlcallf  onec  and  a  half,  that  of  girders  free  at  the 

cads. — When  both  ends  of  a  girder  are  built  into  a  wall  so  as  to  be 
rigidly  imbedded  there,  the  tangent  to  the  girder  at  its  intersection 
irith  the  wall  is  horizontal,  and  the  Btrains  closely  resemble  those 
vbich  occur  in  the  centre  span  of  a  continuoua  girder  of  three 
qxuis  when  the  load  ia  so  disposed  that  the  tangents  over  the  piers 
lie  horizontal. 
Let  f  =  the  span  from  wall  to  wall, 
w  =  the  load  per  Uncar  unit, 
M'  =  the  moment  of  resistance  of  the  horizontal  elastic  forces 

at  the  intersectioD  of  the  ^rder  with  the  wall  (S9), 
M  =  the  momeot  of  resistance  of  the  horizontal  elastic  forces 
at  any  cross  section  P, 
I  and  y  =  the  co-ordinates  of  P,  measured  from  a  as  origin, 

I  ^  the  moment  of  inertia  of  any  cross  section  round  its 

neutr^  axis, 

E  =  the  coefficient  of  elastidty. 

Taking  moments  round  P  (eq.  135), 

M=_Elg  =  !^-H!-M'  (192) 

Int^rating,  and  determining  that  the  constant  :=  0  from  the  con- 
udendoQ  that  -r  =0  when  jf  =  0, 


t! 
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Making  a?  =  Z,  we  have  ^  =  0,  and 

12 
Sabstitnting  this  value  in  eq.  192,  we  have. 

At  the  points  of  inflexion,  M  =:  0,  and  we  have  a>^  —  /x  +  ^  =  0, 
whence, 

^  =  '  (^  +  ^)  =  "211^  or  -789/  (193) 

The  length  of  the  middle  segment  =  *578Z,  and  if  the  girder 
be  a  flanged  girder,  the  central  strain  in  either  flange  (eq.  25) 

=  bd  =~bd~  =  24a-  '^  ^^'""^  d  =  iiie  depth  of  the 
^rder.  This  central  strain  is  just  ^rd  of  what  it  would  be  were 
the  ends  merely  resting  on  the  wall,  in  place  of  being  built  therein. 
From  eq.  12,  we  find  that  the  strain  in  either  flange  at  the  wall 

ioP 
=  Y^,  which  is  just  double  the  strain  at  the  centre  of  the  flanges, 

and  §rds  of  what  would  be  the  central  strain  from  the  same  load 
if  the  girder  were  merely  resting  on  the  walls.  From  this  it 
follows,  that  the  strength  of  a  girder  of  uniform  section  imbedded 
firmly  at  both  ends  and  loaded  uniformly  is  theoretically  once  and  a 
half  that  of  the  same  girder  merely  supported  at  the  ends,  and  that 
the  points  of  greatest  strain  are  at  the  intersections  with  the  wall. 


CASE   lY. — GIBDBB8  OF  UNIFORM   SECTION    IMBEDDED  AT  BOTH 

ENDS  AND  LOADED  AT  THE   CENTRE. 

tSO.  strain  at  centre  theoretically  one-Jialf;  and  strength 
theoretically  twlccj   that  of  girders  fk-ee  at  the  ends. — 

Let  W  =  the  load  at  the  centre  of  the  girder,  and  let  the  other 
symbols  remain  as  before. 

Taking  moments  round  P  (eq.  135), 

M=-EI0=^ar-M'  (194) 
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Integrating,  and  determining  that  the  constant  =  0  from  the 

consideration  that  -^  =  0  when  «  =  0, 

das 

ax  4 

Making  a:  =  ^,  we  have  ^  =  0,  and 

Substitating  this  value  in  eq.  194,  we  have, 

At  the  points  of  inflexion  M  =  0,  and  we  have  their  distance 
from  the  walls, 

«  =  i  (195) 

The  length  of  the  middle  segment  =  ^,  and  its  central  strain  is 

just  \  of  what  it  would  be  if  the  ends  of  the  girder  were  not 
imbedded  in  the  wall  but  merely  resting  thereon.  The  strain  at 
the  wall  also  is  equal  to  the  central  strain;  consequently,  the 
strength  of  a  girder  of  uniform  section  imbedded  firmly  at  both 
ends  and  loaded  at  the  centre  is  theoretically  twice  that  of  the 
same  girder  merely  supported  at  the  ends.  Mr.  Barlow's  experi- 
ments on  timber,  however,  do  not  corroborate  this  theory,  as  he 
found  the  strength  of  an  imbedded  beam  loaded  at  the  centre  to 
be  only  1^  times  that  of  a  free  beam,  and  fracture  always  took 
place  at  the  centre,  the  ends  being  comparatively  little  strained.* 
Our  theory  is  doubtless  defective  in  supposing  that  the  horizontal 
fibres  at  the  wall  are  in  the  same  state  of  strain  as  if  the  girder 
were  really  a  continuous  girder  in  three  spans,  for  in  the  latter 
case  the  ^rder  is  bent  downwards  in  each  of  the  side  spans, 
whereas,  when  imbedded  in  the  walls,  the  ends  which  correspond 
to  these  side  spans  are  horizontal,  and  consequently,  the  points  of 
inflexion  are  really  nearer  to  the  walls  than  in  a  truly  continuous 
girder. 

*  Strength  of  Materiali,  pp.  82,  136. 
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CHAPTER  X. 

QCANTITT   OP  HATEBIAL  IN  BKACED   OIRDEBS. 

CASE  I. —  BEMI-OIBDERB  LOADED  AT  THE  EXTBEMITY,  ISOSCELES 
BBACINO. 

•61.  Web. 

Let  W  =  the  weight  at  the  extremity, 
I  =  the  length  of  the  semi-^rder, 
d=it&  depth, 

9  =  the  angle  the  diagonals  make  with  a  vertical  line, 
/  =  the  UDit-stFain, 

Q  =  the  cubical  quantity  of  material  in  the  diagonala, 
Q.'  —  the  cubical  quantity  of  material  in  either  flange. 

Hs-  92.  The  cubical  quantity  of  material 

required  for  the  ^agonal  bracing  ia 
equal  to  the  sum  of  the  products  of 
the  length  and  section  of  each  brace. 
When  the  triangles  are  ieosceles  and 
the  load  is  a  ^ngle  weight,  the  sec- 
tion, if  proportional  to  the  Btrain,  ia 
the  same  for  all  the  diagonala,  and 
the  quantity  of  material  is  therefore 
equal  to  the  product  of  their  aggre- 
gate length  by  thdr  common  section. 
The  line  K^,  Fig.  92,  is  equal  in 
length  to  the  sum  of  the  aeveral 
diagonals;  expressing  its  length  in 
terms  of  I  and  9,  we  have 
AB  =:  l.cosecO 
The  section  of  each  brace  is  equal  to  the  total  strwi  passing 
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through  it  divided  by  the  unit-atrain,  =  — 7—  (eq.  110).  Multi- 
plying this  by  the  foregoing  value  for  the  length,  we  have, 

GL  =  ^  seed .  cosecO  (196) 

268.  Flanges. — The  quantity  of  material  in  the  flanges  is  most 
conveniently  deduced  from  the  principles  stated  in  Chapter  II.  as 

follows : — The  sectional  area  of  either  flange  at  the  wall  =  ^ 

(eq.  7),  and  when  the  girder  is  of  uniform  strength  gradually 
diminishes  towards  the  extremity  as  the  ordinates  of  a  triangle  (80). 
Hence,  the  quantity  of  material  in  one  flange  equals  its  sectional 

area  at  the  wall  multiplied  by  ^,  and  we  have, 

Q'  =  ^  (197) 


CASE  II. — SEMI-GIRDERS   LOADED  UNIFORMLY,   ISOSCELES 

BRACING. 

f  M.  Webs  leni^h  contolnlns  a  whole  number  of  bays. — 

Let  W  =  the  total  weight  resting  on  the  girder, 

n  =  the  number  6f  bays  in  the  longest  flange,  supposed  a 
whole  number,  and  the  other  symbols  as  in  Case  I. 
When  the  bracing  is  formed  of  isosceles  triangles  the  length  of 
one  bay  equals  2d,tanQ^  whence, 

/  =  2nd.  tone.  (198) 

The  quantity  of  material  that  the  weight  at  any  given  apex 

would  require  in  the  bracing,  if  it  alone  were  supported  by  the 

girder,  may  be  obtwied  from  eq.  196  by  substituting  for  W  and 

I  the  load  resting  on  the  apex  [  =  —  y  and  the  distance  of  the  weight 

from  the  wall.  The  quantity  required  for  the  whole  load  is  equal 
to  the  sum  of  the  quantities  required  for  the  separate  weights. 
Hence,  recollecting  that  the  weight  on  the  last  apex  equals  half 


202  QUANTITY  OF  MATERIAL  [CHAP.   X. 

that  on  each  of  the  other  apices  (144),  we  have,  when  there  is  no 
half  bay  in  the  length,  that  is,  where  n  is  a  whole  number, 

Q  =  ^  2d.tane {(1  +  2  +  3  +  . . .  n)  —  ^\ sece.coaecO 


W 

=  --^  nd.tanO  .aecB  .eosecO. 


Substituting  for  nd.tanO  its  value  in  eq.  198,  we  have, 

GL  =  ^8ece.co8€ce  (199) 

204.  Web»  length  containing  a  iiair-bay. — ^When  the  length 
contains  a  half-bay,  the  quantity  of  material  in  the  bracing,  derived 
from  eq.  196, 

Q  =  ^^  secO.cosecO  +  ^  sec^d.tand,  (200) 

265.  Flanipes. — From  eq.  11  the  area  of  either  flange  at  the 

wall  =  x-^,  and  diminishes  towards  the  extremity  as  the  ordinates 

of  a  parabola,  but  from  the  well-known  properties  of  the  parabola 
the  area  of  A  B  C,  Fig.  7,  equals  one-third  of  the  circumscribed 
rectangle.    Hence,  the  quantity  of  material  in  either  flange  equals 

its  area  at  the  wall  multiplied  by  ^,  that  is, 


CASE  III. — OIRDER8  SUPPORTED  AT  BOTH  ENDS  AND  LOADED 
AT  AN  INTERMEDIATE  POINT,   ISOSCELES  BRACING. 

200.  Quantity  of  material  In  the  ireb  l»  the  same  fbr  eaeh 
senrment. — ^Let  W  =  the  weight  resting  on  the  girder, 

I  =  its  length,  and  the  other  symbols  as  in  Case  T. 

Let  the  weight  divide  the  girder  into  segments  containing 
respectively  m  and  n  linear  units,  as  in  Fig.  52.  The  strains 
throughout  the  girder  will  in  no  respect  be  altered  if  we  conceive 

it  inverted,  resting  on  a  pier  at  W,  and  loaded  with  y  W  at  the 
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right  extremity,  and  with  ^  W  at  the  left.    Each  segment  will  then 

become  a  semi-girder  loaded  at  its  extremity.    Hence,  the  quantity 

of  material  in  the  bracing  of  each  segment  =  — jr—secB^coaecO 

(eq.  196).    The  quantity  of  the  material  in  the  bracing  of  both 
segments  together  is  equal  to  twice  this,  that  is, 

Q  =  ^^^  secO.eosecO  (202) 

If  the  weight  be  at  the  centre,  equation  202  becomes 

WZ  ' 

Q  =  -^  sece.coseeO  (203) 

269.  Flanipes. — From  eq.  20,  the  sectional  area  of  either  flange 
at  the  point  where  the  weight  rests  =  ^,.  ,  and  diminishes  gra- 
dually towards  each  extremity  as  the  ordinates  of  a  triangle  (85). 
Hence,  the  quantity  of  material  in  one  flange  equals  its  area  at  the 

weight  multiplied  by  ^,  and  we  have, 

Q'  =  ^  (204) 

If  the  weight  be  at  the  centre,  eq.  204  becomes, 


CASE  IV. — 6IBDEBS  STJPPOBTED  AT  BOTH  ENDS  AND  LOADED 

UNIFORMLY,  ISOSCELES  BRACING. 

268.  We1»9  length  contalniDir  ab  eTen  number  of  bays. — 

Let  W  =  the  total  weight  on  the  girder, 

I  z=  the  length,  and  the  other  symbols- as  in  Case  I. 
In  order  to  avoid  unnecessary  minuteness  in  this  case  I  shall  first 
assume  that  the  number  of  bays  in  the  half-length  is  a  whole  number, 
in  other  words,  that  the  length  contains  an  even  number  of  bays. 
Let  us  consider  each  half  of  the  girder  by  itself;  the  vertical 
forces  which  act  upon  each  half  are  the  upward  reaction  of  its 
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abutment,  and  the  downward  preasure  of  the  weights  between  the 
abutment  and  the  centre.  The  former  pressure,  if  acting  alone, 
would  require  a  certain  amount  of  material  for  the  bracing,  obtained 
by  eq.  196,  while  the  weights,  leaving  the  reaction  of  the  abutment 
out  of  consideration,  would  require  an  amount  of  materia.1  which  may 
be  obtained  from  eq.  199.  The  latter  forces  tend  to  relieve  the 
strain  produced  by  the  reaction  of  the  abutment;  consequently, 
the  true  quantity  of  material  required  is  equal  to  the  difference  of 
the  amounts  which  would  be  required  were  each  set  of  forces  to  act 
independently  of  the  other.  Hence,  subtracting  eq.  199  from  196, 
and  bearing  in  mind  that  W  and  /  have  twice  the  value  they  had 
in  the  semi-girder,  we  have  the  quantity  of  material  in  the  web  of 
the  whole  girder, 

Q  =  -—T  aecd.cosecO  (206) 

that  is,  half  the  quantity  that  would  be  required  if  all  the  weight 
were  concentrated  at  the  centre. 

269.  Web^  the  len|^h  eontalnliiir  &■  odd  number  oTbays. — 

If  the  half-length  contain  a  half-bay,  the  quantity  of  material  in  the 
bracing  is  obtained  by  subtracting  eq.  200  from  eq.  196,  that  is, 

WZ  V^cP 

Q  =  — r  secO .  cosecO -7-  sec^O .  tanO  (207) 

290.  Flanges. — From  eq.  25  the  sectional  area  of  either  flange 
at  the  centre  of  the  girder  =  rr^,  and  diminishes  towards  either  end 

as  the  ordinates  of  a  parabola  (49).     But  the  area  of  Fig.  23  equak 

two-thirds  of  the  circumscribed  rectangle ;  hence,  the  quantity  of 
material  required  for  either  flange  equals  its  central  section  multiplied 

by  ^/,  and  we  have, 

which  is  two-thirds  of  the  quantity  that  would  be  required  if  all 
the  weight  were  concentrated  at  the  centre. 
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CASE  V. — 8EHI-01BDERS  LOADED  AT  THE  EXTBEHITT, 
TEBTICAL  AND  DIAGONAL  BBACINO. 

Wig.  93.  ■W.  Wck. — When    every   alter- 

nate brace  is  vertical,  as  in  Fig.  93, 
we  muat  divide  the  material  in  the 
web  into  two  parts,  namelj,  that  in 
the  vertical,  and  that  in  the  diagonal 
bra(»i)g. 
Let  Q  =  the  quantity  of  material 
in  the  diagonals, 
Q,"  =  the  quantity  of  materia) 
in   the  verticals,  and 
the  other  symbols  as 
before. 
The  quoDtity  of  material  required  for  the  diagonal  bradng  is  as 
before  (eq.  196), 

Q  =  ^'  Mcfl .  coteeB  (209) 

The  strain  transmitted  through  each  vertical  =  W ;  hence,  its 
sectional  area  =  -^r.  Multiplying  this  by  the  aggregate  length 
of  the  verticals  (=  l.cotB),  we  have, 


cotB.  ■  (210) 


Case  VI. — BOWSTBINQ  GIBDEBS  UNIFOBHLT  LOADED. 

•n.  FlaoBcs. — When  a  bowstring  girder  is  uniformly  loaded, 
the  etnuns  are  nearly  uniform  and  equal  throughout  both  flanges 
(SIO);  hence,  we  can  find  a  dose  approximation  to  the  quantity 
of  material  by  multiplying  the  length  of  each  flange  by  its  sectional 
area. 

Let  W  =  the  total  weight  uniformly  distributed  over  the  girder, 
I  =  the  length  of  the  string, 
nl  =  the  length  of  the  bow, 
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d  =  the  depth  of  girder  at  the  centre, 
Q^  =  the  quantity  of  material  in  the  string, 
Q'^  =  the  quantity  of  material  m  the  bow, 
/  =  the  unit-strain. 

The  strain  at  the  centre  of  either  flange  =  -rr-j  (eq.  25) ;  hence, 

the  sectional  area  of  the  flange  =  x-7>;  multiplying  this  latter  quan- 
tity by  the  respective  lengths  of  the  string  and  bow,  we  have 

WZ« 


Q'  = 


Q''  = 


nWP 

Sdf 


(211) 
(212) 


298«  The  following  table  contains  the  corresponding  values  of 
J  and  n,  the  depth  being  expressed  in  fractional  parts  of  the  length 

V 


d 

11 

i 

1-168 

i 

1-078 

i 

1-040 

is 

1-027 

A 

1-019 

h 

1014 

A 

1010 

n,  or  the  ratio  of  the  length  of  the  bow  to  the  length  of  the  string, 
is  thus  found. 

Let  X  =  the  half  span  =  ^ , 

r  =  the  radius  of  the  bow, 

0  =  the  angle  the  bow  subtends  at  the  centre    of   the 
circle. 
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Ilg.  94. 


_  leDglh  of  bow  _  rfl 

iIbo,  (2r  —  d)d='K' 

K'  +  iP 

'  =  -2cr 

d      ,      9 


W 


whence, 


whence,  B  =  4toB  '  -■ 

SubBtitnting  in  eq.  (a)  these  values  for  t  and  0,  we  have, 

whence  we  can  obtain  the  values  of  n  corresponding  to  different 

values  of  y. 

%U.  ^nandty  of  Miatertnl  1>  the  braelnir  iBdcpcDdcnt  of 
depth — ^Weiffbts  of  rallwaj  glnlcn  np  to  SOO  ftct  span  are 
nearif  as  the  84|aares  of  (heir  length. — The  reader  will  observe 
tliat  the  depth  of  the  girder  does  not  enter  into  those  equations 
which  express  the  quantity  of  material  required  in  the  bracing, 
whereas  it  enters  into  the  denominator  of  those  which  express 
the  quantity  of  material  in  the  flanges.  Hence,  we  conclude 
that  altering  the  depth  of  braced  ^rders  does  not  affect  the 
amount  of  bracing  (18) ;  but  the  quantity  of  material  in  the 
flanges  varies  inversely  as  the  depth,  and  consequently,  the  deeper 
a  girder  is  made  the  greater  will  be  the  economy,  theoretieally 
speaking.  In  practice,  the  additional  material  required  to  stiffen 
long  struts  generally  defines  the  limit  to  which  this  increase  of 
depth  can  be  judiciously  extended;  but  of  this  in  succeeding 
chapters. 
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It  will  also  be  observed  that,  when  the  ratio  of  depth  to  length 
is  constant,  the  quantity  of  material  varies  as  W/,  or  if  W  varies  as 
/,  as  P.  Consequently^  when  such  girders  are  of  small  weight 
compared  to  the  load,  and  when  the  latter  is  proportional  to  the 
length,  the  weight  of  the  girders  will  vaiy  very  nearly  as  the 
square  of  their  length — which  rule  is  approximately  true  for  rail- 
way girders  up  to  200  feet  span. 


CHAP.  XI.]  ANGLE  OF  ECONOMY.  209 


CHAPTER  XL 

ANGLE    OP    ECONOMY. 

295.  Angle  of  Economy  ffbr  Isoseeles  liraeinir  ^  45^« — On 

examining  those  equations  in  the  last  chapter  which  express  the 
quantity  of  material  required  for  the  vertical  web  of  girders  whose 
bracing  consists  of  isosceles  triangles,  we  find  that  they  may  all  be 
expressed  by  one  general  equation, 

Q  =  KsecB.cosecO 
in  which  K  for  each  case  is  a  constant  quantity  depending  upon 
the  length,  weight,  and  unit-strain.     Q  is  therefore  proportional  to 

2 
the  variable  quantity  secO.cosecO^  or  to  its  equivalent,    .  q^,  which 

is  a  minimum  when  9  =  45®.  This  proves  that  the  angle  of  45® 
is  the  most  economical  inclination  for  the  diagonals  of  isosceles 
bracing,  and  it  is  to  be  observed  that  certain  of  the  diagonals 
being  in  compression,  and  therefore  practically  requiring  a  greater 
amount  of  material  to  stiffen  them  than  others,  does  not  materially 
affect  this  conclusion ;  for,  let  the  compression  diagonals  take  m 
times  the  quantity  of  material  they  would  require  on  the  supposition 
that  they  were  subject  to  tension  in  place  of  compression,  then, 
since  eveij  alternate  diagonal  is  in  compression  when  the  load  is 
stationary,  the  foregoing  expression  becomes 

Q  =  — - —  KsecB.coaecB 

but  the  variable  part  of  this  expression  is  secO.coaecO  as  before, 
and  therefore  the  angle  of  economy  is  45®.* 

296.  Jkmgie  of  economy  fbr  Tcrtical  and  dlnffonal  braclnir 
Is  65®. — The  angle  of  economy  in  girders  with  vertical  and 
diagonal  bracing  differs  from  that  in  girders  whose  webs  are  formed 
of  isosceles  triangles.  From  eqs.  209  and  210,  we  find  that  the 
quantity  of  material  in  the  bracing  may  be  expressed  as  follows : — 

Q  +  Q"  =  K  (secO.cosece  +  cotO). 

*  Mr.  "Bow  fint  drew  attention  to  the  fact  that  45^  is  the  angle  of  economy  for 
isosceles  bracing ;  see  his  Trtatite  on  Bracing.    Edinburgh,  1851. 
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It  is  necessary  to  equate  the  differential  coefficient  of  the  bracketed 
part  of  this  equation  to  cipher  in  order  to  find  the  value  of  0  which 
makes  Q  -|-  Q^'  a  minimum.    Doing  so,  we  have, 

co8ec9.8ecB.tanQ  —  secO.cosecB.cotO  —  cosec^O  =  0, 
dividing  bj  cosecB.secO  and  transposing, 

tanB  =  2cotB 
whence, 

tanB  =  V^,  and  B  =  54°  44'  8-2''  =  55°  nearly, 
which  therefore  is  the  angle  of  economy  for  this  form  of  bracing, 
and  has  moreover  the  merit  of  forming  lozenge-shaped  openings, 
which  have  a  more  agreeable  appearance  than  square  ones. 

271.  Isoseeles  more  eeonomlf^  than  Tertl<^  and  dlaffoaal 
braelDs* — The  superior  economy  of  the  isosceles  over  the  vertical 
and  diagonal  system  of  bracing  will  be  now  apparent,  for  the  quan- 
tity of  material  required  in  the  latter  exceeds  that  in  the  former  by 
an  amount  never  less  than  Q^',  and  exceeds  Q'^  when  B  differs 
from  45°. 

298.  Tri^onometrleal  ffkinetlons  of  0. — The  following  table 
contdns  the  value  of  different  trigonometrical  functions  of  B. 


Angle 

of 

bradng,  0. 

9ee6. 

teeO,co9eeO. 

eote. 

tecO.cotecO  +  cote, 

tone. 

20° 

1-064 

311 

2-747 

6-857 

•864 

260 

1-108 

2-61 

2144 

4-754 

•466 

80® 

1154 

2-31 

1-782 

4-041 

•677 

85® 

1-221 

218 

1-428 

8-567 

•700 

40O 

1-805 

208 

1192 

8-222 

•889 

460 

1-414 

200 

1000 

8000 

1-000 

60O 

1-515 

2-08 

•889 

2-869 

1-192 

660 

1-748 

2-18 

•700 

2-829 

1-428 

60O 

2-000 

2-81 

•677 

2-886 

1-782 

650 

2-369 

2-61 

•466 

8076 

2144 

70® 

2-924 

811 

-864 

8-474 

2-747 
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299.    Relative  eeonomy  of  diflTerent  kinds  of  braeiDfp — 
fyontlniioas  web   theorelli^ly  twlee  as  economical  as  a 

braced  ireb. — Bj  means  of  this  table  we  can  at  once  compare  the 
relative  economy  of  different  descriptions  of  bracing  as  follows : — 


ValuMOftf. 

Valne  of  a 

ComparatlTe  qnantttlet 

of  material 

reqaired  in  web. 

Ifioaoeles  bradsg,          -        -    9  =  45^ 

Q  =  2-00  K 

100 

Ditto  (Wairen^B  girder),        -    a  =  80® 

Q  =  2-31  K 

115*5 

Vertical  and  diagonal  bradng,  $  =  55^ 

QXQ"  =  2-8S  K 

141-6 

From  this  it  appears,  that  equilateral  bracing  ("Warren's  girder") 
requires  15^  per  cent.,  and  vertical  and  diagonal  bracing  of  the 
best  form  requires  41^  per  cent.,  more  material  in  the  web  than 
isosceles  bracing  at  an  angle  of  45^. 

If  we  compare  equations  203'  and  206  with  the  equations  in  54 
which  represent  the  theoretic  quantity  of  material  in  a  continuous 
web,  we  find  that  the  most  economical  form  of  braced  web,  namely, 
isosceles  bracing  at  an  angle  of  45**,  requires  just  double  the 
quantity  of  material  that  the  continuous  web  requires  if  made  as 
thin  as  theory  alone  would  indicate.  In  practice,  however,  the 
braced  web  is  generally  the  most  economical,  as  will  be  shown 
hereafter  in  the  chapter  on  the  web. 
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CHAPTER  XII. 

TORBION. 
Kg.  95. 


■80.  TwtetlBg;  iMoaMB*. — Let  one  end  of  a  horizontal  shaft 
he  rigidly  fixed  and  let  the  free  end  have  a  lever,  L,  attached  at 
right  .angles  to  the  axis.  A  weight,  W,  hung  at  the  end  of  this 
lever,  will  twist  the  shaft  round  its  axis  and  fibres,  snch  as  ab, 
originally  longitudinal  and  parallel  to  the  axis,  will  now  assume  a 
spiral  form,  ad,  like  the  strands  of  a  rope.  Badial  lines,  such  as 
cb,  in  any  cross  section,  will  also  have  moved  through  a  certain 
angle,  bed,  which  experiments  prove  to  be  proportional, 

1°.  to  ab,  the  distance  of  the  section  from  the  fixed  end, 

2".  to  L,  the  length  of  the  lever, 

3".  to  W,  the  weight, 
provided  the  shaft  be  not  twisted  beyond  its  limit  of  elastic 
reaction.  If  we  consider  any  two  consecutive  transverse  sections 
of  the  shaft,  we  find  that  the  one  more  remote  from  the  fixed  end 
will  be  twisted  round  a  little  in  advance  of  the  other,  and  this 
movement  tends  to  wrench  asnnder  the  longitudinal  fibres  by  one 
of  the  sections  sliding  past  the  other.  This  wrenching  action,  it 
will  be  observed,  closely  resembles  shearing  from  transverse  pressure 
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(14).  It  is  clear  that,  the  farther  the  fibres  are  from  the  axis  the 
greater  will  be  the  arc  through  which  they  are  twisted,  and  the 
greater,  therefore,  will  be  their  elastic  resistance  to  wrenching,  and 
the  greater  also  will  be  the  leverage  which  they  will  exert,  and  we 
may  conceive,  at  least  in  shafts  of  circular,  polygonal,  or  square 
sections,  the  elastic  reactions  of  the  fibres  replaced  by  a  resultant 
equal  to  their  sum  and  applied  in  a  linear  ring  round  the  axis, 
whence,  we  have  the  twisting  moment  of  the  weight, 

where  F  =  the  annular  resultant  of  all  the  elastic  reactions, 

i  =  the  mean  distance  of  this  annular  resultant  from  the 
axis  of  the  shaft. 
F  is  proportional  in  shafts  of  different  sizes,  but  similar  in  section, 
to  the  number  of  fibres  in  the  cross  section,  that  is,  in  solid  shafts 
to  the  square  of  the  diameter,  and  i  is  evidently  proportional  to 
the  diameter.     Hence,  we  obtain  the  following  relations. 

281.  Solid  rounds  sqaare^  or  polygonal  shafts — CoeHlelent 
of  torsional  rapture^  T. — 

W  =  ^  (214) 

(215) 


-<n 


where  W  =  the  breaking  weight  by  torsion, 

L  =  the  length  of  the  lever,  measured  from  the  centre  of 
the  shaft, 

d  =  the  diameter  of  the  shaft,  if  round ;  or  its  breadth,  if 
square  or  polygonal, 
and  T  is  a  constant,  which  must  be  determined  for  each  material 
by  finding  experimentally  the  breaking  weight  of  a  shaft  of  known 
dimensions  and  similar  in  section  to  that  whose  strength  is  required. 
The  constant,  T,  may  be  called  the  Coefficient  or  modulus  of 
torsional  rupture  of  that  particular  material  and  section  from 
which  it  is  derived,  and  equals  the  breaking  weight  of  a  shaft  of 

similar  section  in  which  the  quantity  -p  =  1. 

282*  Hollow  shafts  of  onlfbrm  thlekncss. — The  number  of 
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fibres  in  the  cross  section  of  a  hollow  shaft  is  proportional  to  the 
product  of  the  diameter  by  the  thickness,  and  we  have, 

TcPt 


W  = 


(216) 


where  t  =  the  thickness  of  the  tube  and  the  other  symbols  are  as 
before. 

288.  C^oeHleleiits  of  torsional  rnptnre  fbr  solid  round 
shafts. — The  following  table  contains  the  values  of  T,  or  the 
coefficients  of  torsional  rupture,  for  solid  round  shafts;  these  are 
the  breaking  weights  of  shafts  one  inch  in  diameter  and  whose 
length,  L,  is  also  one  inch ;  hence,  in  using  these  coefficients  in  the 
preceding  equations,  all  the  dimensions  should  be  in  inches. 


COIFnoiSITTB  OF  TOBfllONAL  BUPTUBE  FOB  BOLID  BOUND  SHAFTS. 


Matemlll, 


Initial  of 
Experimenter. 

Value  of  T 
InllM. 

D 

5,400 

9,800 

K 

15,000 

K 

17,000 

B 

274 

B 

274 

B 

190  to  888 

B 

451 

B 

98  to  157 

B 

118 

Gast-iroD, 
Wrought-iron, 
Steel,  Beflsemer, 
Do.,  Cradble,  hammered, 
Ash,       -        -        -        - 
TCIm,       -        .        .        - 
Larch,    -        -        -        - 
Oak,       .        -        .        - 
BedPm^ 
Spraoe  Fir, 


B.  Bomuceau,  ManJdne'i  Machinery  and  MUhpork,  p.  479i 

D.  I>unlop,  TredgM  on  the  Strength  of  Catt-won^  p.  99. 

K.  Eirkaldy,  ExperimenU  on  Steel  and  Iron  by  a  Committee  of  CveU  EngvMtre, 


Ex.  1.  From  experiments  made  by  Mr.  Kirkaldj  for  a  "Committee  of  Civil 
Engineers,"  it  appears  that  8,800  lbs.  at  the  end  of  a  12-inch  lever  will  twist  asunder 
a  round  bar  of  Bessemer  steel  1*382  inoh  in  diameter ;  what  is  the  value  of  T  t 
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H«re,  W  =  S,S001I»., 
L=  J2indie«, 
d  =  1382  incbes. 

j««r(oq.2i4).  r  =  '^  =  h^^l^  =  i5.miu. 

"P  i'382|' 

Ex.  2.  Wlutt  ahould  be  the  diuneter  i^  a  wimiglit'troti  Krew-propeller  lihttt,  the 
length  of  Ae  entnk  being  ISinohea  trad  the  preasim  15,000  Ibt.,  taUngS  ai  the  factor 
ofsafet;! 

Here,  W  =  15,000n)*. 
L  =  ]3i&ch«e, 
T  =  9,800  Ibfc 

Jnnfier  (eq.  215).    <!  =  A/-^^  =  ^159  =  6-42  inchea. 

Ex.  S.  What  ihonld  be  the  diameter  of  a  wruught-iroa  crane  ahaft,  the  ladJiM  of  the 
wheel  bang  IS  Incbee,  and  tlie  prewuie  at  ite  circumferenoe  800  lbs.,  talcing  10  aa  the 
factor  of  wfe^  t 

Bore,    W^SOOlha., 
L  =  18  incbei, 
T  =  B,8001bi. 

Attnoer  {eq,.  iU\    d  =  ^^^^  =  ^^  =.  I7inchefc 

■M.  noment  of  rCBlBtaacc  «r  torslMi. — The  following  more 
exact  method  of  investigatrng  torsional  strain  resembles  that  applied 
to  transverse  str^n  in  69,  and,  like  it,  is  based  on  the  assumption 
that  the  law  of  uniform  elastic  reaction  is  true,  that  is,  that  the 
fibres  exert  elastic  forces  which  resist  twisUng  in  proportion  to 
their  change  of  length,  and  (in  circular  sections  at  least)  directlj 
therefore  as  their  distance  from  the  central  axis.  Suppose  the 
shaft  composed  of  longitudinal  fibres  of  infinitesimal  thickness,  and 
let  us  confine  our  attention  to  any  given  cross  section  represented 
by  Fig.  96. 

Fig.  96. 
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Let  W  =  the  weight  producing  torsion  at  the  end  of  the  lever  L, 

L  =z  the  length  of  the  lever,  measured  from  the  axis  of 
the  shaft, 

p  =  the  distance  of  any  fibre  in  the  given  cross  section, 
measured  radially  from  the  axis, 

/  =  the  torsional  unit-strain  exerted  by  fibres  in  the 
same  section  at  a  distance  c  from  the  axis,  that  is, 
the  resistance  of  the  fibres  to  being  twisted  or 
shorn  asunder  referred  to  a  imit  of  sectional  surface, 

c  =  the  distance  from  the  axis  at  which  the  unit-strain /is 

supposed  to  be  exerted, 
0  =  the  angle  between  the  line  p  and  a  horizontal  diameter 

of  the  section, 
r  =  the  radius  vector  of  the  curve  which  bounds  the  given 

section. 
According  to  our  assumption  the  torsional  unit-strain  exerted  by  fibres 

at  the  distance  p  from  the  axis  will  =  "^ :  if  the  thickness  of  a  little 

^  c 

element  of  these  fibres  measured  radially  =  dp  (differential  of  p,)  and 
if  its  width  =  pdO,  the  area  of  the  element,  shaded  in  the  figure, 

.  / 

will  =  pdpdOy  and  the  resisting  force  exerted  by  it  will  =  -  p^dpdO ; 

c 

f 
the  moment  of  this  round  the  axis  =  "^  p^dpdO^  and  the  integral  of 

c 

this,  within  proper  limits,  is  the  sum  of  the  moments  round  the  axis 

of  all  the  elastic  forces  in  the  given  section  which  resist  torsion, 

called  the  Moment  of  resistance  to  torsion  of  that  particular  section, 

and  this  balances  W  L,  or  the  twisting  moment  of  W.    We  can 

obtain  the  moment  of  resistance  of  the  little  triangle  in  the  figure 

by  integrating  the  foregoing  expression  from  p  =  0  to  /)  =  r.    Doing 

f 
this,  we  find  the  moment  of  resistance  of  the  little  triangle  =  j-  r^dOy 

and  therefore  the  moment  of  resistance  of  the  whole  section  can  be 
obtained  by  integrating  this  from  0  =  0  to  9  =:  2t,  as  follows, 

WL  =  £J'V(i0  (217) 
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985.  Solid  roand  whaiitm. — ^In  the  case  of  round  shafts  the 
radios  vector  r  is  constant,  whence,  from  eq.  217, 

W  L  =.  ^*  (218) 

If  /  =  the  torsional  unit-strain  exerted  by  fibres  at  the  circum- 
ference, c  =  r,  and  we  have, 

W  L  =  ^  (219) 

986.  Hollow  round  shafto. — The  moment  of  resistance  of  a 
ring  is  equal  to  that  of  the  outer  circle  minus  that  of  the  inner 
one,  whence,  from  eq.  218, 

WL  =  g(r^-V) 

Where  r  =  the  external  radius, 
Vi  =  the  internal  do. 
If  /  =  the  torsional  unit-strain  exerted  by  fibres  at  the  circum- 
ference, c  =  r,  and  we  have, 

W  L  =  ^^(r*  -  r/)  (220) 

If  <  =  the  thickness  of  the  ring,  r,  =  r — t,  whence,  by  substitution, 

W  L  =  ^(4r»^  —  6r^fi  +  4r<»  —  t*) 

If  the  thickness  be  small  compared  with  the  radius,  the  last  three 
terms  may  be  neglected,  and  we  have, 

W  L  =  2TfrH  =  6-28  frH  (221) 

We  may  perhaps  get  a  clearer  conception  of  the  strains  in  a  hollow 
round  shaft  by  imagining  the  tube  to  be  formed  of  a  series  of 
diagonal  bars  forming  right-handed  coils  in  one  durection,  and  crossed 
by  other  bars  forming  left-handed  coils  in  the  opposite  direction,  so 
as  to  produce  a  spiral  lattice  tube,  in  which,  however,  the  bars  in 
each  series  are  so  close  together  as  to  touch  each  other,  side  by  side, 
and  thus  form  two  continuous  tubes.  The  efiect  of  twisting  this 
double  tube  will  be  to  extend  one  set  of  coils  and  compress  the  other 
in  the  direction  of  their  length,  and  this  will  tend  to  make  the 
tension  coils  collapse  inwards  towards  the  axis  of  the  tube,  and 
force  the  compression  coils  outwards,  but  these  tendencies,  being 
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equal  and  in  opposite  directions,  will  balance  each  other.  We  may  go 
further  and  imagine  the  coib  springing  at  an  angle  of  45°  from  any 
given  cross  section  of  the  tnbe,  and  therefore  at  right  angles  to  each 
other,  and  if  we  suppose  that  the  same  piece  of  material  can  sustain 
withoat  injniy  strains  of  tension  and  compression  passing  throogh 
it  at  right  angles  to  each  other,  we  have  the  section  opposed  to 

either  tension  or  compression  =  — -^  —  ^/ivrt 

where  r  =  the  radius  of  the  tnbe, 

t  =  the  thickness  of  the  tube. 
If  /  =  the  aoit'Strain  of  tension  or  compression  indifferently,  we 
have  the  twisting  moment  of  the  weight, 
W  L  =  2TfrH 
which  is  the  same  as  eqnation  221. 
S87.  tIaUd  sqnare  AiMm.— 

Fi?.  97-  Let  a  =  half  the  side  of  the  sqnare, 

The  radius  vector  r  =  a  tecO  as  far  as  one 
quarter  extends,  that  is,  from  0  =:  0  up  to  8 

=  -ji    hence,  carrying  the  integral  over  the 

triangle  ABC,  and  mnltiplying  by  8  to  com- 
plete the  whole  section,  we  have  from  eq.  217, 

=  ^*Cf  (1  +  tan^9).dtan6  =  -/'^-*(1  +  |), 
and  finally, 

Ac 
tf/=  the  ttn^ional  nnit-str^n   exerted   by   the  extreme    fibres 
in  the  comers,  e  =  V2a,  and  we  have, 

ir<f  =  the  side  of  the  square,  eq.  222  becomes, 
W'-  =  ^  =  0-286/^ 
Comparing  eqs.  219  and  222,  we  find  that  the  moments  of  reustance 


W  L  =  ^3  =  0-236/a»  (223) 
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to  torsion  of  the  solid  square  shaft  and  the  solid  inscribed  circle 
are  in  the  ratio  of  -- —  =  1'2. 

The  foregoing  theory  of  the  strength  of  square  shafts  is  based 

on  the  hypothesis  that  the  ratio  ^  is  a  constant  quantity  at  different 

c 

points  of  the  cross  section,  but  this  is  true  for  circular  sections 

only,  and  Professor  Bankine  ^ves  the  following  equation  for  the 

strength  of  solid  square  shafts  on  the  authority  of  M.  de  St.  Yenant, 

who  has  investigated  the  subject  theoretically  with  great  care. 

W  L  =z  0-281/c?  (224) 

This,  it  will  be  observed,  makes  the  strength  of  a  solid  square 

shaft  nearly  20  per  cent,  higher  than  eq.  223. 
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&TBEKQTH  OF  HOLLOW  GTLINDESS  AND  SPHERES. 

tSS.  HeUew  eyllndcn — EUlpUe  tnbes. — The  slmne  in 
hollow  cylindera  from  Suid  pressure,  either  within  or  without,  may 
be  investigated  as  follows. 

Pfg.  98.  Let  d  =  the  diameter  of  the  cylinder, 

t  =  the  thicknesa  of  metal, 
p  —  the  fluid  pressure  on  each  unit  of 
surface  (generally  in  lbs.  or  tons 
per  square  inch), 
/  =  the  tangential  unit-etnun,  either  of 
tension  or  compression,  according 
as  ^  is  internal  pressure  tending  to  burst  the  cylinder, 
or  external  pressure  tending  to  make  it  coUapse. 
Let  Fig.  98  represent  a  thin  slice  or  cross  section  of  a  cylinder, 
the  thickness  of  the  slice  being  one  unit  measured  at  right  angles 
to  the  plane  of  the  paper,  and  let  AB  represent  an  ima^narj' 
plane  through  the  diameter.     Suppose  the  lower  half  of  the  fluid 
below  this  plane  converted  into  a  solid  like  ice — an  liypotheus 
which  will  not  affect  the  conditions  of  equilibrium  in  any  way — 
then,  the  pressure  exerted  by  the  upper  half  of  the  fluid  on  the 
surface,  A  B,  of  the  lower  half  is  obviously  equal  to  pd,  and  thin 
pressure  tends  to  separate  the  upper  half  of  the  cylinder  from  the 
lower  half  by  tearing  the  metal  at  A  and  B.    Hence,  the  tenule 
strain  at  either  A  or  B  =  pd,  that  is, 

2/1!=^  (225J 

The  compressive  strain  due  to  external  pressure,  of  the  same 
intensity  as  before,  is  equal  and  opposite  to  the  tenule  stnun  just 
found,  for  we  may  concave  the  solidified  half  cylinder  removed  and 
a  strong  plate  A  B  substituted  for  it,  in  whidi  case  the  pressure  on 
the  under  surface  of  the  plate  will  balance  that  on  the  outside  of  the 
upper  semi-cylinder  as  before.    The  same  result  may  be  arrived  at 
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in  another  way.  Let  a  cylinder  Bubject  to  internal  pressure,  as  in 
the  first  case,  be  immersed  in  a  larger  vessel,  and  let  fluid  be  forced 
into  the  latter  until  its  pressure  equals  that  within  the  cylinder,  in 
which  case  the  previous  tangential  tensile  strain  due  to  internal 
pressure  will  be  cancelled,  since  the  pressures  inside  and  out 
balance  each  other.  Now,  let  the  fluid  inside  the  cylinder  be 
withdrawn  and,  the  balance  being  destroyed,  a  tangential  com- 
pressive strain  will  result,  equal  and  opposite  to  the  tensile  strain 
which  existed  before  the  cylinder  was  immersed. 

Ex.  What  should  be  the  thickness  of  the  plates  of  a  cylindrical  boiler,  6  feet  in 
diameter  and  worked  to  a  pressure  of  50  lbs.  steam  per  square  inch,  in  order  that  the 
working  tensile  strain  may  not  exceed  1*67  tons  per  square  inch  of  gross  section  t 

Here,    d=72  inches, 

p  =  60  lbs.  per  square  inch  of  surface, 

/  =  1*67  tons  =  3741  lbs.  per  square  inch  of  section. 

Anttoer  (eq.  226).    <  =  ?^  =  ~-JJw  =  '^1  mch. 
^^        '  y      2  X  3741 

Supposing  the  material  equally  capable  of  resisting  tension  and 
compression,  the  strength  of  a  cylinder  subject  to  external  pressure, 
like  the  flue  of  a  Cornish  boiler,  is  theoretically  the  same  as  if  it 
were  subject  to  an  equal  internal  pressure.  Practically,  however, 
the  strength  is  much  less,  owing  to  the  flue  not  being  a  perfect 
circle  in  cross  section.  If  the  outside  shell  be  not  a  perfect  circle, 
the  tendency  of  internal  pressure  will  be  to  render  it  more  so, 
whereas,  with  the  flue,  the  tendency  will  be  to  increase  the  defect 
and  cause  collapse,  and  Sir  William  Fairbaim  has  deduced  from 
an  extensive  series  of  experiments  the  following  empirical  rule  for 
calculating  the  strength  of  wrought-iron  tubes,  such  as  boiler  flues, 
within  the  limits  of  length  which  occur  in  ordinary  practice.* 

;>  =  806,300^  (226) 

where  p  =  the  collapsing  pressure  in  lbs.  per  square  inch  of  surface, 
t  =  the  thickness  of  the  metal  in  inches, 
/  =  the  length  of  the  tube  in  feet, 
d  =  the  diameter  in  inches. 

*  Useful  Information  for  Engineers,  2nd  series. 
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Ex.  What  is  the  collApang  pretBure  of  a  flue  10  feet  long,  36  inches  in  diameter, 
and  oompoeed  of  (  inch  iron  pUtes  ? 

Here,     t  =  0*5  inch, 

W  =  86  X  10  =  860, 
logp:slog  806,800  +  219  log  0*5  —  log  860 

»  5*9064967  +  219  X  1-69897  —  2*5568025  =  2*6909385. 

Anttoer,    p  =  491  lbs. 

491 
The  safe  working  pressure  for  a  land  boiler  would  be  -—  =82 lbs.;  for  an  ordinary 

o 

491 
marine  boiler  in  which  salt  water  Is  used,  ---  =  61  lbs. 

It  will  be  observed  that  the  strength  varies  inversely  as  the 
length,  and  Sir  William  Fairbaim  found  that  ''by  introducing 
ri^d  angle  or  T  iron  ribs  (in  practice  from  8  to  10  feet  apart,) 
round  the  exterior  of  the  flue,  we  vertically  decrease  the  length 
and  increase  the  strength  in  the  same  proportion.  Two  or  three 
such  rings  on  the  flues  of  boilers,  constructed  of  plates  equal  in 
thickness  to  those  of  the  shell,  will  usually  render  the  resistance  to 
coUapse  equal  to  the  bursting  pressure  of  any  other  part  of  the 
boiler."  It  was  also  found  that  the  ordinary  longitudinal  lap- 
joints  in  boiler  flues  were  weaker  than  butt  joints  in  the  ratio  of 
about  7  to  10,  and  Sir  William  Fairbaim  recommends  that  tubes 
required  to  resist  external  pressure  should  be  formed  with  longitu- 
dinal butt  joints  with  covering  strips  outside  riveted  to  both  plates. 

Elliptical  tubes  are  obviously  very  weak  for  resisting  external 
pressure,  and  it  appears  from  Sir  William  Fairbaim's  experiments 
that  their  strength  is  the  same  as  that  of  the  osculating  circle  at 
the  flattest  part  of  the  ellipse ;  thus,  if  a  and  b  are  the  major  and 
minor  semi-axes  of  the  ellipse,  the  diameter  of  the  cylinder  of 

equal  strength  will  equal  -v-.     If,  for  example,  the  ellipse  be  6  X  4 

feet,  the  diameter  of  the  cylinder  of  equal  strength  will  equal 

?4^"  =  9  feet. 

989.  Cylinder  ends. — The  flat  ends  of  cylinders  sustain  a 
total  pressure  equal  to  their  area  multiplied  by  the  pressure  per 
unit  of  surface,  that  is, 

total  end  pressure  =  -^  (227) 
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where  p  =  the  pressure  per  square  unit  of  surface, 

d  =  the  diameter. 
This  end  pressure  is  sustained  bj  the  rivets  or  bolts  which  connect 
the  ends  of  the  cylinder  to  the  sides,  and  if  ^  =  the  thickness 
of  metal  in  the  latter,  the  longitudinal  tensile  unit-stndn  in  the 
cylinder, 

/=^-'d<=^  (228) 

Comparing  this  with  eq.  225,  we  find  that  the  longitudinal  unit- 
strain  in  a  cylinder  is  one-half  the  tangential  unit-strain.  If  the 
cylinder  be  a  boiler  with  internal  flues,  the  end  area  is  diminished 
by  the  sectional  area  of  the  flues,  which  latter  moreover  support  a 
large  share  of  the  end  pressure,  so  that  the  longitudinal  unit- 
strain  ii)  the  shell  is  greatly  reduced.  Stay  rods  connecting  the 
ends  above  the  flues  reduce  this  longitudinal  strain  still  more,  so 
that  little  anxiety  need  be  felt  about  the  transverse  joints  of  the 
shell  giving  way.  The  longitudinal  joints  of  the  shells  of  high- 
pressure  boilers  are  generally  double-riveted  and  the  cross  joints 
either  single  or  double-riveted. 

900.  Hollow  sphereA. — We  may  conceive,  as  in  the  case  of 
the  cylinder  already  investigated,  an  imaginary  plane  passing 
through  the  centre  of  the  sphere  and  dividing  it  into  two  equal 
parts.  The  fluid  pressing  on  the  sur&ce  of  this  plane  tends  to 
tear  asunder  the  sphere  along  the  circle  formed  by  its  intersection 
with  the  plane.    Hence,  if 

d  =  the  diameter  of  the  sphere, 

t  =  the  thickness  of  metal, 

p  =  the  fluid  pressure  per  square  unit  of  surface, 

/  =  the  tangential  unit-strain, 

we  have,  -.^a 

reducing, 

Aft  =  pd  (229; 

Comparing  this  with  eq.  225,  we  find  that  a  sphere  is  twice  as  strong 

as  a  cylinder  of  the  same  diameter  and  thickness  of  metal,  and  that 

therefore  the  ends  of  egg-ended  boilers  are  their  strongest  part. 
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CHAPTER  XIV. 

CRUSHING  STRENGTH  OF  MATERIALS. 

891  •  Mature  of  eompresslTe  strain* — In  most  of  the  foregoing 
theoretic  investigations  it  has  been  tacitly  assumed  that  the  tensile  or 
compressive  strength  of  any  material  is  proportional  to  its  sectional 
area,  whatever  that  may  be.  This,  however,  is  not  always  true  of 
compressive  strains,  and  one  of  the  first  difficulties  which  the 
student  encounters,  when  seeking  to  reduce  theory  to  practice,  is 
the  necessity  of  providing  in  struts  or  pillars  not  only  against 
absolute  crushing  of  the  material,  which  in  reality  rarely  occurs, 
but  more  especially  against  flexure  and  buckling,  to  resist  which  a 
greater  amount  of  material  is  generally  required  than  theory  alone 
might  seem  to  indicate.  To  understand  the  matter  clearly  we 
must  recollect  that  the  mode  in  which  a  pillar  fails  varies  greatly, 
according  as  it  is  long  or  short  in  proportion  to  its  diameter.  A 
very  short  pillar — ^a  cube,  for  instance,  of  wrought-iron,  timber,  or 
stone — will  bear  a  weight  nearly  sufficient  to  upset,  to  splinter,  or 
to  crush  it  into  powder;  while  a  still  shorter  pillar — such  as  a 
penny,  or  other  thin  plate  of  ductile  metal — will  often  bear  an 
enormous  weight,  far  exceeding  that  which  the  cube  will  sustain, 
the  interior  of  the  thin  plate  being  prevented  from  escaping  from 
beneath  the  pressure  by  the  surrounding  particles.  Alluding  to 
his  experiments  on  copper,  brass,  tin,  and  lead,  Mr.  Eennie 
observes: — "When  compressed  beyond  a  certain  thickness,  the 
resistance  becomes  enormous,"*  and  I  have  observed  the  same 
thing  in  a  very  marked  degree  when  experimenting  on  cubes  of 
cast  zinc^  which  slowly  spreads  out  like  a  plastic  material  as  the 
strain  increases.  We  can  thus  conceive  how  stone  or  other  materials 
in  the  interior  of  the  globe  withstand  pressures  that  would  crush 
them  into  powder  at  the  surface,  merely  because  there  is  no  room 

•  PIUL  Trwii,,  1818,  p.  126. 
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for  the  particles  to  escape  from  the  surrounding  pressure.  A  long 
tluD  piUar  on  the  other  hand,  such  as  a  walking  cane,  will  jdeld  bj 
flexure  long  before  it  is  crushed,  and  if  the  bending  be  carried  so 
far  as  to  break  the  pillar,  the  fracture  will  resemble  that  due  to 
transverse  strain.  Hence,  it  is  convenient  to  subdivide  the  results 
of  compressive  strain  into  flexure  and  crushing. 

SM.  Flexiire-^rashlnir— Backlln(r— Balirinff — 8pllnterMi(r. 

—Flexure  is  the  bending  or  deflection  of  a  pillar  whose  length  is 

TeiT  considerable  in  proportion  to  its  thickness  or  diameter. 

Crushing  may  be  subdivided  into  buckling,  bulging,  and 
splintering. 

(a.)  Buckling  is  the  undulation,  wrinkling,  or  crumpling  up,  usually 
of  a  thin  plate  of  a  malleable  material.  Buckling  is  frequently 
preceded  by  flexure ;  when,  for  instance,  long  tubes  of  plate-iron 
are  compressed  longitudinally,  they  first  deflect,  and  finally  fail  by 
the  buckling  or  puckering  of  a  short  piece  on  the  concave  side. 

(i.)  Bulging  is  the  upsetting  or  spreading  out  under  pressure  of 
ductile  or  fibrous  materials,  such  as  lead,  wrought-iron  and  timber, 
also  of  many  semi-ductile  crystalline  metals,  such  as  cast-brass  or 
zinc. 

(c)  Splintering  is  the  splitting  ofi*  in  fragments  of  highly 
crystalline,  fibrous,  or  granular  materials,  such  as  cast-iron,  glass, 
timber,  stone  and  brick ;  the  splintering  of  granular  and  vitreous 
materials  is  often  abrupt  and  terminates  in  their  being  crushed  to 
powder,  while  even  the  most  crystalline  metals  are  to  some  extent 
ductile  and  therefore  bulge  slightly  before  they  splinter.  Again, 
some  materials,  such  as  glass,  form  numerous  prismatic  splinters ; 
others,  like  cast-iron,  form  two  or  more  wedge-shaped  or  pyramidal 
splinters,  the  plane  of  separation  being  oblique  to  the  line  of 
pressure. 

ttKI.  €ni«hlii(r  0treiiirtla  of  short  pillars — ^Anirl^  of  flrae- 

*we. — ^It  has  been  found  by  experiment  that  the  strength  of  short 

pillars  of  any  given  material,  all  having  the  same  diameter,  does 

not  vaiy  much,   provided  the  length  of  the  pillar  is  not  less 

than  one,  and   does  not   exceed   four  or  five  diameters;    and 

the  weight  which  will  just  crush  a  short  prism  whose  base  equals 

Q 
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one  square  unit  (generally  a  square  incli),  and  whose  height  is  not 
less  than  one  or  one  and  a  half,  and  does  not  exceed  four  or  five  ! 
diameters,  is  called  the  crushing  strength  of  the  material  experi- 
mented upon.  When  the  height  of  a  solid  prism  lies  within  these 
limits  '*  fracture  is  (genendlj)  caused  by  the  body  becoming 
divided  diagonally  in  one  or  more  directions.  In  this  case  the 
prism,  in  cast-iron  at  least,  either  does  not  b^id  before  fracture, 
or  bends  very  slightly;  and  therefore  the  fracture  takes  place  by 
the  two  ends  of  the  prism  forming  cones  or  pyramids,  which  split 
the  sides  and  throw  them  out ;  or,  as  is  more  generally  the  case  in 
cylindrical  specimens,  by  a  wedge  sliding  off,  starting  at  one  of 
the  ends,  and  having  the  whole  end  for  its  base ;  this  wedge  being 
at  an  angle  which  is  constant  in  the  same  material,  though  different 
in  different  materials  (see  Plate  11.).  In  cast-iron  the  angle  is  such 
that  the  height  of  the  wedge  is  somewhat  less  than  $  of  the 
diameter.  In  timber,  like  as  in  iron  and  crystalUne  bodies  generally, 
crushing  takes  place  by  wedges  sliding  off  at  angles  with  their 
base  which  may  be  considered  constant  in  the  same  n^aterial; 
hence,  the  strength  to  resist  crushing  will  be  as  the  area  of 
fracture,  and  consequently  as  the  direct  transverse  area,  since  the 
area  of  fracture  would,  in  the  same  material,  always  be  equal  to 
the  direct  transverse  area,  multiplied  by  a  constant  quantity/**  In 
other  words,  eq.  1  is  applicable  to  short  pillars,  and  their  crashing 
strength  is  equal  to  their  transverse  section  multiplied  by  the 
crushing  unit-strain  of  the  material.  If  the  length  exceeds  four 
or  five  times  the  diameter,  "the  body  bends  with  the  pressure, 
and  though  it  may  break  by  sliding  off  as  before,  the  strength 
is  much  decreased.  In  cases  where  the  length  is  much  greater 
than  as  above,  the  body  breaks  across,  as  if  bent  by  a  transverse 

pressure."  t 

From  the  foregoing  observation3  the  reader  will  perceive  that 
the  crushing  unit-strain  of  any  material  should  be  derived  from 
experiments  on  prisms  whose  height  is  not  less  than  the  length 
of  the  wedge,  nor  so  great  that  the  prism  will  deflect.       Mr. 

*  Expe/tviMnlUd  Re»eairclu$  en  the  Strength  of  Catt-inn,  by  E.  Hodgkiiiadn,  pp.  319,  32d. 

t  Idem,  p.  821. 


P  L  A  T  K     II. 


GHAP.  XIY.]      CBXrSHING  STBSITOTH  OF  MATEBIAL8.  227 

Hodgkinson  seems  to  have  preferred  prisms  whose  height  equalled 
two  diameters,  and  in  Table  I.  it  will  be  seen  that  prisms  of 
cast-iron,  whose  height  equalled  one  diameter,  generally  bore  more 
than  those  whose  ^height  equalled  two  diameters.  If,  however, 
the  material,  like  glass  and  some  limestones,  do  not  form  wedge- 
shaped  but  longitudinal  splinters,  it  seems  probable  that,  within 
considerable  limits,  the  height  of  the  specimen  will  not  materially 
affect  its  crushing  strength.  Experimenters  on  stone  have  gene- 
rally used  cubes;  Mr.  Hodgkinson*s  practice,  however,  seems 
preferable.  If  the  length  of  pillars  never  exceeded  four  or  five 
diameters,  all  we  need  do  to  arrive  at  the  strength  of  any  given 
pillar  would  be  to  multiply  its  transverse  area  in  square  units  by 
the  tabulated  crushing  strength  of  that  particular  material.  It 
rarely  happens,  however,  that  pillars  are  so  short  in  proportion  to 
their  length,  and  hence,  we  must  seek  some  other  rule  for  cal- 
culating their  strength  when  they  fail,  not  by  actual  crushing,  but 
by  flexure.  If  we  could  insure  the  line  of  thrust  always  coinciding 
with  the  axis  of  the  pillar,  then  the  amount  of  material  required 
to  resist  crushing  merely  would  suffice,  whatever  might  be  the 
ratio  of  length  to  diameter.  But  practically  it  is  impossible  to 
command  this,  and  a  slight  error  in  the  line  of  thrust  produces  a 
corresponding  tendency  in  the  pillar  to  bend.  With  tension-rods, 
on  the  contrary,  the  greater  the  strain  the  more  closely  will  the 
rod  assume  a  straight  line,  and,  in  designing  their  cross  section,  it 
is  only  necessary  to  allow  so  much  material  as  will  resist  the 
tensile  strain.  This  tendency  to  bend  renders  it  necessaiy  to 
construct  long  pillars,  not  merely  with  sufficient  material  to  resist 
crushing,  supposing  them  to  fail  from  that  alone,  but  also  with 
such  additional  material,  or  bracing,  as  may  effectually  preserve 
them  from  yielding  by  flexure.  In  masonry,  heavy  timber  framing, 
or  similar  massive  structures,  the  desired  effect  is  produced  by 
mere  bulk  of  material,  which  insures  the  line  of  thrust  always 
lying  at  a  safe  distance  within  the  limits  of  the  structure.  In 
hollow  piUars  the  same  result  is  obtained  by  removing  the  material 
to  a  considerable  distance  from  the  line  of  thrust,  which,  though 
it  may  deviate  slightly  from  the  axis  of  the  pillar,  yet  will  not 
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pass  beyond  its  circumference.  When  the  pillar  is  neither  tabular 
nor  solid,  one  of  the  forms  of  section  represented  in  Fig.  99  is 
generally  adopted. 

Fig.  99. 


However,  before  treating  about  flexure,  it  seems  desirable  to 
give  the  crushing  strengths  of  short  prisms  of  various  materials 
and  afterwards  show  how  these  are  modified  by  increasing  the 
length  of  the  prism. 

CAST-IRON. 

994.  Crashing  strenfrth  of  ea«t-iroii. — Table  I.  contains  the 
results  of  experiments  by  Mr.  Hodgkinson  **on  the  crashing 
strength  of  cylinders  of  cast-iron  of  various  kinds ;  the  diameters 
of  the  cylinders  being  turned  to  |  inch  each,  and  the  heights  being 
f  and  1^  inches  respectively.  In  both  cases  the  height  was  so 
small  that  the  specimen  could  not  bend  before  crushing.  Before 
each  experiment  was  commenced,  a  very  thin  sheet  of  lead  was  laid 
over  and  under  the  specimen,  to  prevent  any  small  and  unavoid- 
able irregularity  between  its  flat  surface  and  those  of  the  parallel 
steel  discs  between  which  it  was  to  be  crushed."* 

TABLE  I. — Cbushino  btskngth  of  Cast-ibon. 


Description  of  iron. 

Height 

CrnahiDg  weight 

per  iqnare  inch  of 

section. 

ICeu. 

Low  Moor  iron.  No.  1     -        - 

Do.            No.  2    - 
Clyde  iron.  No.  1    -        .        -        - 

inch. 

.! 

f 

n 

i 

1* 

lbs.          tons. 

64534  =  28-809 
56445  =  25198 

99525  =  44-480 
92832  =r  41-219 

92869  =r  41-459 
88741  =  89-616 

fta.          tons. 
60489  =  27-004 

95928  =  42-825  > 

• 

90805  ts  40-587 

*  Report  of  the  Commisnonert  appointed  to  inguire  into  the  appUoatum  of  iron  to 
railway  purpotes,  1849,  App.  A.,  pp.  12, 13. 
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TABLE  L — CmuBHiNa  BTBBiraTH  or  CAsr-iBoir — eontinued. 


DcBcil|itloii  ot  Iron. 


Height 
of 


i  ayde  nan,  Na  2    - 
Da       KaS    - 
Bhenttvon  iron,  Na  1 

Do.         No.  2— let  sample 
Do.         Na  2 — Slid  sample 
Calderiioii,  No.  1  - 
Coltntts  iron.  No.  3 
Bnmbo  iron.  No.  1         -        - 
Biymbo  iron.  No.  S         -        - 

'  BovHng  iron.  No.  2 

I 

YsfaJjf  era  Anthracite  iron,  No.  2 

I 

Yniaoedwyn  Anthracite  iron.  No.  1 
Da  Na2 


CniRhlng  weight 

per  Bqnare  Inch  of 

section. 


Mean. 


inch. 

* 

i 

li 

*. 

It 

* 
i 

.J 

I 

H 

.i 


.! 


tbs.     tons. 
109992  =  49*103 
102030  =  45*549 

107197  »  47-855 
104881  =  46*821 

90860  =  40*562 
80561  »  35*964 

117605  =  52*502 
102408  =  45*717 

68559  s  30*606 
68532  ^  30*594 

72193  a  32*229 
75983  »  33*921 

100180  «=  44*728 
101831  »  45-460 


74815 
75678 

76138 
76958 

76132 

73984 

99926 
95559 

83509 
78659 

77124 
75369 


33*399 
33*784 

33*988 
34*856 

33*987 
33*028 

44*610 
42*660 

37*281 
35*115 

34*430 
33*646 


lbs.     tons. 
106011  =  47*826 

106039  ^  47*339 
85710  »  88*263 

110006  =  49*109 
68545  =  80*600 
74088  »  33*075 

101005  ::=  45*091 


75246 
76545 
75058 
97742 


33*592 
84-171 
33*508 
43-635 


81084  ^  36*198 
76246  »  34*088 


^itm  of  the  fencing  16  irons 


86284  s  38*519 


Mr.  Horrie8Stirling^siron,2nd  quality^ 


Da 


Srdqnalityt 


.1 

i 


125333 
119457 

158658 
129876 


55*952 
53*329 

70*827 
57*980 


122395  ==  54*640 
144264  s  64*403 


*  Composed  of  Calder  No.  1  hot-blast,  mixed  and  melted  with  about  20  per  cent, 
of  maiOesble  iron  scrap. 

t  Composed  of  No.  1  hot-blast  Staffordshiro  iron  from  Ley's  Works,  mixed  and 
ncHed  with  about  15  per  cent  of  common  malleable  iron  scrap. 
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Table  II.  contains  the  "  crushing  weights  of  short  cylinders  of 
different  kinds  of  cast-iron,  cut  from  the  bars,  2^  inches  diameter 
previously  used  (in  experiments  on  pillars),  and  now  turned  to  be 
I  inch  diameter  nearly,  and  1^  inch  high.  The  results  are  means 
from  three  or  four  experiments  on  each  kind  of  iron.  The  specimens 
were  usually  cut  out  of  the  iron  between  the  centre  and  the 
circumference  of  the  bar,  denominated  the  medium  part.  In  several 
cases  they  were  cut  out  of  the  centre  of  the  bar,  and  sometimes  out 
of  the  circumference."* 


TABLE  IL— Cbubhivo  STBBnoTH  of  CAsr-iBoir. 

DeteripUonofinm. 

of 

Cmshing  wei«iit 

per  fqnare  iach 

of  Bffctton. 

Medium, 

Old  Park  iron.  No.  1. 

inch. 

•747 

lbs.          tons. 
88070  =  89-32 

Contrei    • 

Old  Park  iron.  No.  1. 

•747 

74668  =  88-33 

Medium, 

Derwent  iron.  No.  1. 

•747 

97160  =  43-37  1 

Medium, 

Coltneas  iron,  No.  1. 

•747 

63048  =  28-14 

Medium, 

Blaenftvon  iron.  No.  1. 

•748 

70909  ==  31-66 , 

Medium, 

Level  iron.  No.  1. 

•749 

68217  =  80-45 

Medium, 

Carron  iron.  No.  1. 

760 

68509  =  30-68 

Medium, 

London  Mixture. 

•749 

80928  =:  86-08 

Medium, 

Calder  iron.  No.  1. 

•760 

84648  ^  37-79 

Medium, 

Portland  iron.  No.  1. 

•748 

94802  ^  42-32 

*  PhihtophiccU  TramacUwUf  1867,  p.  889. 
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TABLE  IL — CBU8HIV0  btbbnoth  or  Cakt-iboh — conUnued, 


DeecrlptUm  of  iron. 


Medium, 


Old  HiU  iron.  No.  1. 


Medium, 


Low  Moor  iron,  Ko.  2. 


Centre, 


Low  Moor  iron,  Na  2. 


Medium, 


Blaenavon  iron.  No.  8. 


Centre, 


Blaenavon  iron.  No.  8. 


Second  London  Mixture. 
Medium.    From  2}  inch  pillar,  m  all  above  have  been. 


Second  London  Mixture. 
Centre.    From  24  inch  pillar,  aa  all  above  have  been. 


Second  London  lifixture. 
Medium.    From  1^  inch  pillar, 


Second  London  Mixture. 
Centre.    From  1}  inch  pillar,  - 


Cnuhlng  weight 

p«r  aqiure  inch 

of  Mctlon. 


inch. 
•749 


INi.        tons. 
54761  =  24-45 


•748 


77439  =  84*59 


•742 


664U7  »  29-65 


•787 


88517  =:  87*28 


•747 


76648  ::=  84-22 


•747 


95888  =  42-56 


•747 


78451  s  85*02 


•750 


111080  s  49-59 


•750 


104071  -  46*46 


Low  Moor  iron.  No.  2. 
From  a  hollow  pillar  4  inches  diameter  and  J  inch  thick. 
The  height  of  the  first  two  specimens  was  -72  inch,  and 
of  the  last  1-502  inch, 


•421 


87502  =  89-06 


Low  Moor  iron.  No.  2. 
Fxtmi  the  thin  ring  of  a  hollow  pillar  about  84  inches  dia- 
meter.   Height  of  specimens  -58  inch, 


-299 


115998  B  51*78 


Low  Moor  iron.  No.  2. 
From  the  thin  ring  of  a  hollow  pillar  about  8}  inches  dia- 
meter.   Height  of  Specimens  ^58  inch,  ... 


•296 


110212  =  49*20 


Mean  of  the  foregoing  22  irons, 


84200  =  87-6 
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From  the  experiments  recorded  in  the  two  foregoing  tables  it 
appears  that  the  average  crushing  strength  of  simple  cast-irons  does 
not  exceed  38  tons  per  square  inch;  the  strength  of  mixtures, 
however,  is  higher  and  may  in  general  be  taken  at  42  tons  per 

■ 

square  inch,  though  occasionally  it  reaches  50  tons.  Repeated 
meltings  seem  to  have  the  effect  of  increasing  the  crushing  strength 
of  cast-iron  (See  Chap.  XVI.). 
A  895.  Hardness  and  erosblnir  strenytb  of  thin  castlni^ 
i^reater  near  the  sarface  than  in  the  heart — Croshlnir 
strength  of  thin  grreater  than  that  of  thiek  eastlnipB. — ^Mr. 

Hodgkinson  found  that  **  of  the  different  irons  tried  in  the  experi- 
ments on  pillars,  whether  solid  or  hollow,  the  external  part  of  the 
casting  was  always  harder  than  that  near  to  the  centre,  and  the  iron 
of  the  external  ring  of  a  hollow  casting  was  very  hard,  the  hardness 
increasing  with  the  thinness.  Thus,  in  solid  pillars  2^  inches 
diameter  of  Low  Moor  iron.  No.  2  (Table  II.),  the  crushing  force 
per  square  inch  of  the  central  part  was  29*65  tons,  and  that  of  the 
intermediate  part  near  to  the  surface  was  34*59  tons,  whilst  the 
external  ring,  ^  inch  thick,  of  a  hollow  cylinder  4  inches  diameter, 
of  which  the  outer  crust  had  been  removed,  was  crushed  with  39*06 
tons  per  square  inch ;  and  external  rings  of  the  same  iron,  thinner 
V  than  half  an  inch,  required  from  49*2  to  51*78  tons  per  square  inch 
to  crush  them.  These  facts  show  the  great  superiority  of  hollow 
pillars  over  solid  ones  of  the  same  weight  and  length."*  Hence, 
removing  the  skin  of  a  tidn  casting  reduces  its  strength  to  resist 
compression. 

896.  HardneflB  and  emshlnir  streni^th  of  thIek  eastlnipB  at 
the  anrfSftee  and  in  the  heart  not  materially  different. — '*  To 
ascertain  whether  the  internal  strength  of  larger  pillars  varied  in  the 
same  manner  as  that  of  smaller  ones,  a  cylindrical  casting  was  made 
5  inches  diameter  and  15  inches  long.  It  was  cast  vertically,  from 
Blaenavon  iron.  Through  the  axis  of  this  cylinder,  a  slab,  15  inches 
long,  5  inches  broad,  and  about  I  inch  thick,  was  taken.  Across  the 
middle  of  this  slab  five  cylinders,  1^  inch  long  and  |  inch  diameter, 
were  obtained  at  equal  distances  from  each  other,  the  middle  one 

PhU,  Traiu.,  1857,  p.  890. 
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being  in  the  centre,  and  the  outer  ones  as  near  as  possible  to  the 
sides.  Comparing  the  results  of  the  experiments  (on  crushing  these 
cylinders)  it  appears  that  the  external  part  of  the  casting  was  some- 
what stronger  than  the  internal.  But  the  variation  was  only  from 
62  to  66  (62,444  to  65,739  lbs.  per  square  inch),  and  therefore 
much  less  than  was  obtained  from  the  smaller  masses."  From  this 
and  other  experiments  on  small  cylinders  cut  out  of  a  slab  of 
Derwent  iron,  No.  1,  cast  9  inches  square  and  12  inches  long, ''  it 
appears  that  the  difference  of  hardness  between  the  external  and 
internal  parts  of  a  large  casting  is  much  less  than  in  a  small  one,  and 
may  frequently  be  neglected."*  For  the  safe  working  strain  on 
cast-iron  see  Chap.  XXVIII. 

WBOUGHT-IBON. 

899.  Cmshlnir  strength  of  wroairlit-trOB — M  topg  to  the 
limit  of  compreggtve  elasticity  of  wromirl&t-iroii. — TKe  crush- 
ing strength  of  wrought-iron  varies  with  the  hardness  of  the  iron, 
but  ordinary  wrought-iron  is  completely  crushed,  t.e.,  bulged,  with 
a  pressure  of  from  16  to  20  tons  per  square  inch,  and  when  the 
pressure  exceeds  12  or  13  tons,  Mr.  Hodgkinson  found  that  *4n  most 
cases  it  cannot  be  usefully  employed,  as  it  will  sink  to  any  degree, 
though  in  hollow  cylinders  it  will  sometimes  bear  15  or  16  tons  per 
square  inch."  f  The  point  at  which  compressive  set  sensibly  com- 
mences, that  is,  the  limit  of  compressive  elasticity,  is  about  12  tons 
per  square  inch.  For  the  safe  working  strain  in  practice  see  Chap. 
XXVIII. 

STEEL. 

898.  Crushiiiir  streD^tli  of  gteel — M  ton»  to  tliejimiljif 
CompreggiTe  elasticity  of  steeL — The  following  table  contains 
the  results  of  expenments'oir  tlie^rushing  weights  of  cylinders  of 
cast-steel  by  Major  Wade^  U.S.  Army: — 

*  PhU.  Trans,,  1857,  pp.  891,  892. 
t  Com,  Rep,,  p.  121. 

X  Reports  of  ExperimenU  on  the  Strength  and  other  Properties  of  MeUds  for  Cannons, 
by  Officers  of  the  Ordnance  Department^  U.S.  Army,  p.  258.    Philadelphia^  1856. 
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TABLE  III.— Cbushiko  niUNGTB  of  CjjrMraxL. 


Kind  of  cast-steel. 

No. 
of 
sam- 
ple. 

Length. 

DlaaMMr. 

Crushing 
wdi^tper 
aqoarelnch 
of  section. 

Not  liardened,            -            .           -            -           . 

1 

inch. 
1'021 

inch. 
•400 

lbs. 

198,944 

Hardened ;  low  temper ;  chipping  chisels,     - 

2 

'995 

•402 

854,544 

Hardened ;  mean  temper ;  tnming  tools, 

8 

1-016 

•408 

891,985 

Hardened ;  high  temper;  tools  for  turning  hard  steel, 

4 

1-005 

•405 

872,598 

NoTB — ^All  the  samples  of  steel  tested  were  cut  from  the  same  bar.  No.  1  remained 
unchanged,  as  made  at  the  steel  factory.  Nos.  2,  8,  and  4,  were  all  hardened,  and  the 
temper  afterwards  drawn  down  in  different  proportions. 

Table  IV.  contains  the  results  of  experiments  made  by  Mr. 
Kirkaldy  for  the  "  Steel  Committee,"  on  the  crushing  strength  of 
carefully  turned  cylinders  of  steel  1*382  inches  in  diameter  (=  1-5 
square  inches  area),  and  whose  height  equalled  4  diameters,  the 
steel  being  intended  for  tyres,  axles,  and  rails.* 

TABLE  IV.— -LiiiiT  or  GoHPBESsyns  Elastigitt  of  Cbugibli  avd  Bbssexsb 

Steel  babs. 


Kind  of  steel. 

Crnslilng  weight  per  square  inch  at 

which  sensible  set  commenced,  i.«^ 

limit  of  compresslTe  elastldtjr. 

Craoible  steel,  hammered, 
Do.          rolled, 

Bessemer  steel,  hammered. 
Do.           rolled, 

tons. 
22-92 

18-75 

2179 

18-08 

Mean,    ------  20*88 

Shorter  cylinders  of  the  same  kinds  of  steel  of  the  same  sectional 
area,  but  only  one  diameter  in  height,  were  subjected  to  a  crushing 
weight  of  200,000  tt>s.  per  square  inch,  the  result  being  that  they 

*  Experimenti  on  Sted  and  Iron  bp  a  ChmmiUee  of  Cml  Engineen,  1868-70. 
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bulged  but  did  not  crack ;  the  average  contraction  of  length  (ultimate 
compressive  set)  under  this  strain  was  for  crucible  steel  32  per  cent., 
and  for  Bessemer  steel  38  per  cent.,  of  the  original  length-  From 
31  experiments  made  subsequently  by  the  same  committee  at 
Woolwich  Dockyard,  on  the  compression  of  bars  of  crucible, 
Bessemer,  and  cast-steel,  10  feet  long  and  1^  inches  diameter,  the 
maximum  and  minimum  limits  of  compressive  elasticity  were  27  and 
15  tons  respectively,  and  the  average  was  21*35  tons  per  square  inch, 
which  agrees  sufficiently  closely  with  the  mean  of  the  experiments 
in  Table  lY.  to  allow  us  to  assume  21  tons  to  be  the  practical  limit 
of  compressive  elasticity  of  average  steel. 

The  reader  will  find  in  Chap.  XYI.  additional  experiments  by 
Sir  William  Fairbaim  on  the  crushing  strength  of  various  kinds 
of  steeL    For  the  safe  working  load  see  Chap.  XXY III. 

VARIOUS  METALS. 

MO.  CmshiiiV  strenytb  of  copper^  brasBj  tlii^  leadj 
almntDlaiii-liroiisej  sine. — The  following  table  contains  the  results 
of  experiments  by  Mr.  G.  Bennie  on  the  crushing  strength  of  ^  inch 
cubes  of  different  metals.* 

TABLE  y.— Cbubhivo  Stbingth  or  Yabioub  1£ital8. 


Deseriptbm  of  met»L 

CmihiBg  weli^t 
on  a  1  inch  cube. 

Cast-oopper  cnixnbled  with  -  -  -  .  . 
Fine  yellow  bnun  reduced  -^th,  with    .           -           .           . 

Do.  do.  4,  with  .... 
Wronght-copper  reduced  ^^th,  with    .... 

Do.                do.     }th,    with    .           .           w           . 

Cast-tin                    do.    i^th,  with    .... 

Do.                       do.     Jrd,    with   .... 

Cast-lead                  do.     (,        with    .... 

lbs. 

7818 

8213 

10804 

8427 

6440 

552 

966 

488 

Alluding  to  these  ductile  metals,  Mr.  Bennie  observes : — '*  The 
experiments  on  the  different  metals  give  no  satisfactory  results. 
The  difficulty  consists  in  assigning  a  value  to  the  different  degrees 

•  PhU.  Trant^  1818,  p.  125. 
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of  diminution.  When  compressed  beyond  a  certain  thickness,  the 
resistance  becomes  enormous.*'  The  crushing  weight  of  aluminium 
bronze,  according  to  Professor  Bankine,  is  59  tons  per  square  inch. 
In  mj  own  experiments  I  found  that  cast-zinc  will  spread  out  to 
any  degree  under  severe  pressure,  but  it  will  bear  5  or  6  tons  per 
square  inch  without  any  very  appreciable  change  of  shape. 

TIMBER, 

800.  Crmshlny  gtrenyth  of  timber — Wet  timber  not  nearly 
so  miroug  as  dry. — The  following  table  contains  the  results  of 
experimentaby  Mr.  Hodgkinson  on  the  crushing  strength  of  various 
kinds  of  timber,  ^'  the  force  being  applied  in  the  direction  of  the 

fibre."* 

TABLE  VI.— CBUSHINa  Strenoth  or  Timber. 


Deaeription  of  wood. 

Crashing  weight  per 
square  inch  of  section. 

Wood  In  the 

ordinary  state 

of  dryness. 

Wood 
yery  dry. 

Alder,               ...            - 
Ash,      -            -            -            -            - 
Baywood,          -            -            -            - 
Beech,               .... 
Birch,  American, 
Birch,  English, 

Cedar,               .... 
Crab,     -             -         -  - 
Deal,  red,          .            .            -            . 
Deal,  white,      -            -            -            - 
Elder,                .... 
Elm,     -            -            -            -            - 
Fir,  Spruce,      -            -            -            - 
Hornbeam,        -            -            .            . 
Larch  (fallen  two  months), 
MahMiny,        -            -            .            . 
Oak,  Quebec,    -            -            -            - 
Oak,  English,    .... 
Oak,  Dantzic  (veiy  dry). 
Pine,  pitch,       .            -            .            . 
Pine,  yellow  (full  of  turpentine). 
Pine,  red,          .... 
Plum,  wet,        .... 
Plum,  diy,        -            -            -            . 
Poplar,              .... 
Sycamore,         -        '    - 
Teak,    -            -            -            .            . 
Walnut,            .... 
WiUow,             .... 

lbs. 

6,881 
8.68S 
7,518 
7,733 

8,297 
5,674 
6,499 
5,748 
6,781 
7.451 

6,499 
4,588 
8,201 
8,198 
4,281 
6,484 

6,'790 
5,875 
5,895 
8,654 
8,241 
8,107 
7,082 

6,068 
2,898 

tbs. 

6,960 
9,363 
7,518 
9,368 

11,663 
6,402 
5,863 
7,148 
6,586 
7,298 
9,973 

10,331 
6,819 
7,289 
5,568 
8,198 
5,982 

10,058 
7,781 
6,790 
5,445 
7,518 

10,493 
5,124 

12,101 
7,227 
6,128 

•  PhU,  Trans.,  1840,  p.  429. 
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"  The  results  in  the  first  column  were  in  each  case  a  mean  from 
about  three  experiments  upon  cylinders  of  wood  turned  to  be  one 
inch  diameter,  and  two  inches  long,  flat  at  the  ends.  The  wood 
was  moderately  dry,  being  such  as  is  employed  in  making  models 
for  castings.  The  second  column  gives  the  mean  strength,  as 
before,  from  similar  specimens,  after  being  turned  and  kept  drying 
in  a  warm  place  two  months  longer.  The  lengths  of  these  latter 
specimens  were,  in  some  instances,  only  one  inch,  which  reduction 
would  increase  the  strength  a  little.  But  the  great  diflerence 
frequently  seen  in  the  strength,  as  given  by  the  two  columns,  shows 
strongly  the  effect  of  drying  upon  wood,  and  the  great  weakness  of 
wet  timber,  it  not  having  half  the  strength  of  dry''' — a  consideration 
of  much  importance  in  works  under  water.  For  the  safe  working 
load  on  timber  see  Chap.  XXYIII. 

STONE,  BRICK,  CEMENT,  AND  GLASS. 

801.  Cruflhiiiy  strenn^b  of  stone  and  brlek. — The  following 
table  contains  the  crushing  strength  of  stone  and  brick.     For  the 

safe  working  load  see  Chap.  XXYIII. 

TABLE  VII. — Crushing  Sthxngth  or  Stonb  and  Brick. 


DMCriptkm  of  itone. 


Spedflc 
gravity. 


Crushing 
weight 

per 

•qniu'e 

inch. 


Anthorlty. 


Granites. 
Aberdeen,  blue  kind,    .  .  -  - 

Peterhead,  hard  dose  grained, 
ConuBh,  -  -  -  -  - 

KilUney,  Co.  Dublin,  yeiy  f elspathic, 
Kingstown*     do.,        grey  colour, 
Blessington,  Go.  Wicklow,  coarse  and  loosely 
aggregated,  -  -  -  -  - 

Ballyknocken,  Co.  Wicklow,  coarse,  micaceous, 
Newry,  slightly  syenitic,  -  -  - 

Mount  ^omd  granite,  ... 

Samdbtovxs  and  Gritb. 
Arbroath  payement,     .... 
Caithness        do.  - 

Dundee  sandstone  or  Brescia,  ... 
Craigleith  white  freestone,       ... 
Bramley  Fall,  near  Leeds  (with  and  against  strata) 
Derby  Grit,  a  red  friable  sandstone,    - 
Ditto,  from  another  quarry,      ... 
Yorkshire  paving  (with  and  against  strata),     • 
Red  sandstone,  Buncom  (17  feet  per  ton). 
Quartz  rock,  Holyhead  (across  lamination), 
Ditto  (parallel  to  lamination)^  * 


lbs. 

2-625 

10914 

••• 

S288 

2-662 

6356 

■•• 

10780 

•*• 

10115 

■•• 

8680 

••• 

3178 

•■■ 

18440 

2-675 

12861 

••• 

7884 

*•• 

6493 

2-580 

6630 

2-452 

5487 

2-506 

6059 

2-816 

8142 

2-428 

4345 

2-507 

5714 

••• 

2185 

••• 

25500 

••• 

14000 

Rennie. 

n 
f» 

Wilkinson. 


)) 


If 

Fairbaim. 


Buchanan. 


«* 
Bennie. 

» 

n 
f« 

L.  Clark. 
Mallet. 
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TABLE  YII.— Cbushino  Stbbnoth  or  Stovx  akd  Bbiok— «(mem«Ml. 


CmibSng 

Deacrlptlon  of  tfeone. 

Spadfle 

glBTitJ. 

weight 

per 
•qoare 

Anthorlty. 

Inch. 

OOLITXfl. 

Bbe. 

PorUand  stone,            .... 

2-428 

8729 

JlfmrAttL, 

Ditto,  another  speciiiieii. 

2-428 

4570 

M 

MAKBiiiea. 

Marble,  Btatoaiy,         .... 

•  •« 

8216 

f« 

Ditto,  whito  vtatnaiy,  not  Teined, 

2-760 

6058 

H 

Ditto,  whito  Italian,  yeined,    ... 

2-726 

9681 

ft 

Ditto,  black  Brabant,  .... 

2-697 

9219 

n 

Ditto,  Devonshire  red,  variegated, 

••• 

7428 

N 

Ditto,  Kilkenny  black. 

•  •• 

15120 

Wilkinson. 

Ditto^  black  Galway,  from  Menlo  qnany, 

•«• 

20160 

•* 

LnisBTOKia 

Limestone,  compact,    .            .            •            - 

2-584 

7718 

Bennie. 

Ditto,  blade  compact.  Limerick, 

2-598 

8855 

*f 

Ditto,  Purbeok,            .... 

2-599 

9160 

f» 

Ditto,    magnesian,    Anston,    stone   of  which 

Houses  of  Parliament  are  built^ 

•■• 

S050 

Faiibaim. 

Ditto,  Anglesea  (184  cnl^^c  feet  per  ton). 

... 

7579 

L.Claik. 

Ditto,  Listowel  qnany,  Kerry, 

••■ 

18048 

Wilkinsoo. 

Ditto,Ballydnff  qnany  near  Tullamore,King*8  Co. 

... 

11840 

i» 

Ditto,  Woodbine  qnany  near  Athy,  KQdan,   - 

••• 

14850 

» 

Ditto,  Finglas  qnany,  Co.  Dublin, 

••• 

16940 

»» 

Chalk,              ..... 

••• 

501 

Bennie. 

SLATB8. 

Valencia  Island,  Kerry, 

••• 

10943 

Wilkinson. 

Kill&loe  quany,  Tipperary,  on  bed  of  strata,    - 

••• 

26495 

n                    1 

Do.                   do.           on  edge  of  strata,  - 

••■ 

15225 

If 

Glanmore,  Ashford,  Wicklow,  on  bed  of  strata 

..• 

21315 

ff 

Do.                   do.               on  edge  of  strata 

•  a. 

12740 

» 

Basalts  avd  Mramobphio  Rocks. 

ft 

Whinstone,  dootch,      .... 

... 

8270 

Felspathic  greenstone,  from  Giant's  Causeway, 

•  •• 

17220 

Wilkinson. 

Homblendio  greenstone,  Galway,  Co.  Gralway, 

... 

24570 

ff 

Moore  quany,    Ballvmena,  Antrim,    crystal- 

line and  homblendic,             -  '        • 

•  •• 

20552 

ft 

Grauwacke,  from  Penmaenmawr, 

2-748 

16893 

Fairbatm. 

Bucks. 

'Pale  red,          ..... 

2-085 

562 

Bennie. 

Redbrick,        ..... 

2-168 

808 

ff 

Tellow-f  ace  baked  Hammersmith  paviors. 

••• 

1002 

ff 

Tellow-faced  burnt  Hammersmith  paviors. 

••• 

1441 

If 

Fire  brick,  Stourbridge, 

••• 

1717 

ff 

Buckley  Mountain  brick,  N.  Wales,     - 

••• 

2180 

Kdaxk. 

Brickwork  set  in  cement  (bricks  not  of  a  hard 

description)             •            -            -            •       ... 

521 

ff 

Buchanan,  PraeUcdl  MecKanic*s  Jownalf  Vol.  ii.,  p.  285. 

L.  Clark,  The  Britannia  and  Conway  Tubular  Bridget^  p.  865. 

Fairbaim,  Uirfid  iirfomuUion  for  Bngineen,  second  series,  p.  186. 

Mallet,  PhUciopkical  TroMoetumM,  1862,  p.  671. 

Bennie,  Philotopkical  JVonsocttOM,  1818,  p.  181. 

Wilkinson,  Practioal  OeaHagy  and  AneiaU  ArekiUetiiirt  of  Irdand, 


CHAP.  XIV.]      CBU8HING  STRENGTH  OF  MATERIALS. 


239 


The  following  table  gives  the  results  of  experiments  made  by 
Mr.  Grant  with  a  hydraulic  press  on  the  crushing  strength  of 
various  kinds  of  brick.* 


TABLE  VIJJ.— CBUSHZNa  Stbinoth  < 

or  Coimov  Bbxgk  and  Bricks  madb  or 

POBTLAVD  CkWIHT. 

^^               •     *  •  _  -  -     _^  »-     •  ^>_ 

4 

Breadth 

J 

Areaez- 

Weight 

Grnshing 
weight 

Deseriptian  of  bnek. 

9 

•■ 

powd  to 

s 

is 

proamre. 

Dry. 

Wet. 

per  brick. 

ins. 

ins. 

ins. 

ins. 

lbs. 

lbs. 

tons. 

Gftnlt  day,  prowod,  .        .        • 

8-76 

4-125 

2-75 

86-09 

5-18 

6-47 

40-04 

Graalt  day,  wire  cat, 

9-00 

4-125 

2-75 

87125 

5-86 

6-85 

82-70 

Gftolt  day,  perforated. 

9-00 

4-875 

2-625 

89-875 

4-95 

5-76 

46-40 

Suffolk  briiDBtones,   • 

9-00 

4-5 

2-625 

40-5 

6-18 

7-14 

84-94 

Stodc, 

9*00 

4-125 

2-625 

37-125 

5-0 

5-57 

88-74 

Fareluan  red,    .... 

8-76 

4-125 

2-625 

86-09 

6.55 

7-52 

90*40 

Staffordihire  blue  (preased,  with 

frog),         ...        - 

875 

4-125 

2-75 

86-09 

7-82 

7-90 

111-04 

Staff ordBhire  blae(roi]gh,  without 

PortLand  Cement  brides,  neat. 

8-76 

4125 

2-75 

86-09 

7-75 

7-81 

117-92 

oompressed,  and  kept  in  air 

12  months, 

9-00 

4-5 

8-0 

40-50 

9-51 

9-76 

96-60 

Do.  kept  in  water  12  months,    • 

... 

.. . 

••. 

... 

••• 

•  •• 

182-62 

Portland  Cement  and  sand,  1  to 

i,  compressed  and  kept  in 

air  12  months,    - 

•  a. 

aa. 

... 

m»» 

8-79 

9-51 

48-60 

Ba  kept  in  water  12  months,    • 

*•• 

... 

»»m 

.a. 

... 

»»» 

29-92 

Portland  Cement  and  sand,  1  to 

6,  oompressed  and  k^  in 

air  12  months,    ... 

... 

m»a 

aa. 

.•• 

8-48 

9-88 

80-28 

Do.  kept  in  water  12  months,    • 

•  a. 

•  a. 

aa* 

... 

... 

»»m 

11-24 

SM.  Mode  of  fk*actiire  of  stone. — In  Mr.  Clark's  experiments 
^'the  sandstones  gave  waj  mddenlt/f  and  without  anj  previous 
cracking  or  warning.  After  fracture  the  upper  portion  generally 
retained  the  form  of  an  inverted  square  pyramid,  very  symmetrical, 
the  sides  bulging  away  in  pieces  all  round.  The  limestones  formed 
perpendiciUar  cracks  and  splinters  a  considerable  time  before  they 
crushed.'*  Mr.  Bennie  observes,  '4t  is  a  curious  fact  in  the 
rupture  of  amorphous  stones,  that  pyramids  are  formed,  having 
for  their  base  the  upper  side  of  the  cube  next  the  lever,  the 
action  of  which  displaces  the  sides  of  the  cubes,  precisely  as  if  a 
wedge  had  operated  between  them.*'  Mr.  Wilkinson  remarks, 
*^  The  results  of  the  (one  inch)  cubes  experimented  on  show  the 
strongest  stones  to  be  the  basalts,  primary  limestones,  and  slates. 
Of  the  limestones,  the  primary  limestones  and  compact  hard  calp 
are  the  strongest;  and  the  light  dove-coloured  and  fossiliferous 

•  Proc.  IntL  CM^  Vol.  xxxiL 
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limestones  are  among  the  weakest.    The  strength  of  the  sand- 
stones, like  their  mineral  aggregation,  is  very  variable." 

The  strength  of  stones,  though  bearing  the  same  name  and  pre- 
senting the  same  lithological  characters,  is  so  variable  in  different 
localities,  that,  when  any  building  of  importance  is  proposed,  it  is 
prudent  to  test  the  strength  of  the  stone  by  actual  experiment 
rather  than  trust  to  books  for  the  information  required.  In  my 
own  experiments,  I  find  that  with  granite  and  Umestones  the 
first  crack  may  be  expected  to  take  place  with  from  one-half  to 

two-thirds  of  the  ultimate  crushing  weight. 

808.  CmshlDir  strenfpttft  of  rubble  masoDry. — ^Professor 
Bankine  states  that  '^  the  resistance  of  good  coursed  rubble  masoniy 
to  crushing  is  about  four-tenths  of  that  of  single  blocks  of  the  stone 
that  it  is  built  with.  The  resistance  of  common  rubble  to  crushing 
is  not  much  greater  than  that  of  the  mortar  which  it  contains."* 
For  the  safe  working  load  on  masonry  see  Chap.  XXVIII. 

804.  Crosblnir  streDgtb  of  Portland  cements  mortar  and 
concrete. — The  following  table  contains  the  results  of  experi- 
ments by  Mr.  Grant  on  the  crushing  strength  of  Portland  cement 
and  cement  mortar,  f 
TABLE  IX — Cbushiho  btbikoth  of  Pobtland  oxmxvt  and  Cimknt  xobtab. 


DeBcripUon  oi  cement  or  mortar. 


GnuhiDff 
weight 

per 
square 
incb. 


. 


Portiand  cement,  neat, 

1  Portland  Cement  to  1  pit  sand, 
ditto  2     ditto, 

ditto  8     ditto, 

ditto  4     ditto, 

ditto  5     ditto, 

Portland  cement,  neat, 

1  Portland  Cement  to  1  sand, 
ditto  2  ditto, 

ditto  8  ditto, 

ditto  4  ditto, 

ditto  5  ditto, 

Portland  cement,  neat, 

1  Portland  Cement  to  1  pit  sand, 
ditto  2     ditto, 

ditto  8     ditto, 

ditto  4     ditto, 

ditto  5     ditto» 


_  w 

IS 
eo 


g 


o^ 


I 


lbs. 

8795 
2491 
2004 
1486 
1331 
959 
5388 
8478 
2752 
2156 
1797 
1540 
5984 
4561 
8647 
2898 
2208 
1678 


*  Civa  JBngmeering,  p.  887. 


t  Proc.  Intt.  a.  E,,  Vol.  xxv. 


CHAP.  XIY.]      CRUSHING  STRENGTH  OF  MATERIALS. 


241 


In  these  experiments  the  specimens  were  made  into  bricks 
9  X  4*25  X  2'75  inches,  and  exposed  to  the  pressure  of  a  hydraulic 
press  on  their  flat  surface  of  9  X  4*25  inches  =  38*25  square 
inches.  The  results  would  doubtless  have  been  somewhat  diflerent 
if  thej  had  been  cubes.  Each  specimen  showed  signs  of  giving 
waj  with  considerably  less  pressure  than  that  which  finally  crushed 
it,  the  average  ratio  of  the  weight  which  produced  the  first  crack 
to  that  which  finally  crushed  it  being  nearly  as  f . 

The  following  table  gives  the  strength  of  lime  mortar  18  months 
old,  on  the  authoritv  of  Rondelet.* 

TABLE  X.— ^TBusHDro  BTmsNOTH  of  Lna  Mobtab  18  mohthb  old. 


DeMription  of  mortar. 


Cnuhtng 
weight 

per 

•qiure 

inch. 


Mortar  of  Ume  and  river  sand. 

The  lame,  beaten, 

Mortar  of  lime  and  pit  sand,    - 

The  lame,  beaten. 

Mortar  of  cement  and  poimded  tilea, 

The  same,  beaten, 

Mortar  made  with  pounded  sandstone, 

Mortar  made  with  puzsolana  from  Naples  and 

Bome  mixed. 
The  same,  beaten. 


lbs. 

436 
596 
578 
800 
677 
929 
417 

521 

758 


Fifteen  years  later  these  experiments  were  repeated,  when 
mortars  of  lime  and  sand  were  found  to  have  increased  in  strength 
about  ^th,  and  mortars  of  cement  or  puzzolana  about  ^th. 

The  following  tables  give  the  results  of  some  of  Mr.  Grant's 
experiments  with  a  hydraulic  press  on  the  crushing  strength  of 
concrete  blocks,  made  of  Portland  cement  and  ballast  in  various 
proportions,  set  and  kept  in  air  for  one  year,  also  set  and  kept  in 
water  for  the  same  timcf 


*  Nayier,  AppUeation  dt  la  Mioamquey  p.  8. 
t  Proe.  L  a  B^  Vol.  xxxii. 
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TABIiE  XL— PoBTLAVo  Cbmbnt  OoNORKn  Blocks  or  Ballast,  get  and  ki^in  Air 
for  Ofie  Year,  also  set  and  Jsept  in  Water  for  the  same  time. 


Size  of  Block— 

12"  X  12"  X  12 

".    Compressed. 

Weight  In  tbs. 

Weight  of  £adi 
Block  in  Ira. 

Cnuhed  at  tona 

Propor- 
tiona. 

Bemarks. 

Cement 

Suidtnd 
GraTcL 

Water. 

Kept  in 
Air. 

Kept  in 
Water. 

Air. 

Water. 

Itol 

69-36 

66-96 

16-00 

187*60 

147*26 

107-0* 

170-60 

*  Exceptional 

2„  1 

42*64 

96-40 

12-00 

142-60 

152-60 

149*0 

160-0 

8„  1 

8200 

108-56 

10*00 

145-25 

162-25 

118-0 

115-50 

4  „  1 

25-84 

116-96 

8-80 

145-76 

162-60 

108*0 

108-60 

5  „  1 

21-28 

120*24 

8*00 

142*10 

160-96 

89-0 

99-60 

6  „  1 

18  08 

122-48 

8*00 

141-66 

150*00 

80-50 

91-0 

7„  1 

15-84 

125-04 

7^60 

141-70 

150-20 

76-0 

80-50 

8„  1 

14-08 

127*04 

7-60 

142-80 

160-80 

61^60 

76-0 

»»  1 

12-64 

128-64 

7*20 

142-10 

161-60 

64  0 

68-60 

10  „  1 

11-86 

128-88 

6-80 

142-00 

150-00 

48-50 

48-0 

Size  of  filock- 

-6"  X  6"  X  6". 

Compressed. 

1  tol 

7-42 

8-87 

2-00 

17-50 

18-04 

88-0 

88-60 

2  „  1 

5-88 

12-05 

1-60 

17-78 

18-97 

48-0 

84-60 

8h  1 

4-00 

18-67 

1-26 

18-28 

19-86 

30-0 

86-60 

4  n   1 

8-28 

14-62 

1-10 

18-28 

18-71 

80-0 

28-00 

5.,  1 

2-66 

15*08 

1-00 

18-26 

18-98 

24*50 

85-60 

6  „  1 

2-26 

16-81 

100 

17-90 

18-60 

20*40 

19-60 

7„  1 

•  1-98 

15-68 

•96 

17-85 

18-86 

16-50 

16-0 

8„  1 

1-76 

15-88 

•95 

17-86 

18-90 

18-50 

18-50 

»  „  1 

1-58 

16-08 

•90 

17^78 

19-0 

12-0 

11-00 

10  „  1 

1-42 

16-11 

•85 

17^68 

18-70 

10-60 

10-50 

Size  of  Blook— € 

1"  X  6"  X  6". 

Not  Compressed. 

Itol 

7-12 

8-04 

1-92 

16*44 

17-60 

80-0 

37-50 

2„1 

4-90 

11-09 

1-88 

17-57 

18-08 

88-50 

86-00 

8m  1 

8-56 

12-11 

1-11 

17-75 

18-98 

240 

28-00 

4„  1 

2-85 

12-92 

-97 

17-84 

18-28 

28-0 

27-00 

5„  1 

2-88 

18-18 

•87 

17-90 

18-78 

24*0 

28-60 

- 

«»1 

2-00 

18-49 

•88 

17-86 

18-80 

18-20 

17-00 

7„1 

1-77 

14-02 

•86 

17-82 

17-90 

14-0 

12-60 

8„  1 

1-60 

14-51 

•86 

17-38 

17-95 

12-50 

11-00 

9h  1 

1-48 

14-59 

•80 

17-40 

17*97 

10^0 

9-00 

10  „1 

1-26 

14-85 

•76 

17-20 

17-60 

8-0 

7-00 

• 

It  will  be  observed  that  the  concrete  which  was  compressed 
was  considerably  stronger  than  that  not  compressed.  In  my 
own  practice  I  always  have  concrete  carefully  rammed,  and 
when  it  forms  the  matrix  for  large  rubble  stone  the  concrete  is 
compressed  between  the  stones  with  iron  tamping  tools  having  T 
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shaped  ends  about  5  inches  long.  This  permits  it  to  be  mixed 
stiff  with  but  little  water,  and,  when  thus  solidlj  jammed,  the 
stones  will  generally  break  sooner  than  the  concrete  in  which 
thej  are  imbedded.  In  one  of  Mr.  Grant's  experiments  a  twelve- 
inch  cube  of  concrete,  made  with  blue  Lias  lime  and  Thames 
ballast  1  +  69  10  months  old  and  kept  in  water,  bore  6  tons  per 
square  foot,  or  93  fibs,  per  square  inch.  A  similar  cube  of  Lias 
concrete,  but  made  with  Bramley  Fall  chippings  1  +  6,  in  place 
of  ballast,  and  also  kept  in  water  10  months,  bore  20*4  tons  per 
square  foot,  or  317  fibs,  per  square  inch.*  For  the  safe  working 
load  on  concrete  see  Chap.  XXYEQ!. 

805.  Cmshlny  streDgth  of  glaBU* — The  following  table  con- 
tains the  crushing  strength  of  glass  from  experiments  bj  Sir  Wm. 
Fairbaim  and  Mr.  Tate.t 

TABLE  XIL — CmuBBnro  STBXNaTB  of  iinnuLKD  GIiABS  Babs. 


Kind  of  QlMi. 

Sp. 
grarltj. 

per  iqiiare  inch. 

Best  flint  glaM  annealed  rod,  drawn  out  when  molten 
to  about  }  inch  diameter,     .... 
Common  green  glaaa        ditto           ditto, 
lYliite  crown  glaM           ditto           ditto, 

8-0782 
2*5284 

2*4504 

Itm.        tons. 

27582  =  12-818 
81876  =  14-227 
81008  » 18-840 

"  The  specimens  were  crushed  almost  to  powder  from  the  violence 
of  the  concussion,  when  they  gave  way;  it,  however,  appeared 
that  the  fractures  occurred  in  vertical  planes,  splitting  up  the 
specimen  in  all  directions ;  cracks  were  noticed  to  form  some  time 
before  the  specimen  finally  gave  way ;  then  these  rapidly  increased 
in  number,  splitting  the  glass  into  innumerable  irregular  prisms 
of  the  same  height  as  the  cube ;  finally,  these  bent  or  broke,  and 
the  pressure,  no  longer  bedded  on  a  firm  surface,  destroyed  the 
specimen."  Seven  cubes  were  also  cut  from  the  centre  of  large 
lumps  of  glass,  and  crushed.  Their  resistance  was  less  than  that 
of  the  drawn  rods  in  the  ratio  of  f ,  possibly  because  they  were 
less  perfectly  annealed  than  the  drawn  rods,  and  also  because  the 
external  skin  of  the  latter  gave  them  some  extra  strength  (AM). 

•  Proe.  I,  C.  B.,  Vol.  xxv.,  p.  110. 

t  PkSUmpkieol  Tramadion$^  1859,  p.  218. 
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CHAPTER  XV. 


Fig.  100. 


PILLARS. 

806.  Terr  ^^^9  ^^^^  pillars. — The  law 

which  determines  the  flexure  of  very  long  thin 
pillars  may  be  investigated  theoretically  as 
follows: — Let  Fig.  100  represent  a  pillar  of 
uniform  section  throughout,  not  fixed  at  the 
ends,  very  long  in  proportion  to  its  breadth,  and 
just  on  the  point  of  failing  from  flexure. 
Let  W  =  the  deflecting  weight, 

D  =  the  lateral  deflection  at  the  centre. 
M  =  the  moment  of  resistance  of  the 
longitudinal  elastic  forces  (50), 
b  ==  the  breadth  of  the  pillar, 
<2  =  its  diameter  or  least  lateral  dimension, 
/  =  its  length, 

/  =  the  longitudinal  unit-strain  in  the  extreme  fibres  in  a 
horizontal  section  across  the  middle  of  the  pillar, 

X  =  the  difl*erence  in  length  between  the  convex  and  the 

concave  edges  of  the  pillar, 
C  =  the  resultant  of  all  the  longitudinal  forces  of  compres- 
sion in  the  concave  side  at  the  plane  of  section, 
T  =  the  resultant  of  all  the  longitudinal  forces  of  tension 

in  the  convex  side  at  the  plane  of  section, 
E  =  the  coefficient  of  elasticity. 
The  upper  half  of  the  pillar  is  held  in  equilibrium  by  three  sets 
of  vertical  forces — viz.,  the  weight,  acting  in  the  chord-line  of  the 
curve;  the  longitudinal  tensile  strains  in  the  convex  side  at  the 
middle  section;  and  the  longitudinal  compressive  strains  in  the 
concave  side,  also  at  the  middle  section.  When  the  pillar  is  very 
long  in  proportion  to  its  width,  and  the  deflection  therefore 
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considerable,  even  though  the  curvature  be  small,*  we  may  assume 
D  equal  to  the  distance  from  the  chord  line  to  either  the  centre 
of  tensile  or  the  centre  of  compressive  strains.  Taking  moments 
round  either  of  these  points  indifferently,  we  have 

W  D  =  M  nearly,  (a) 

Again,  assuming  that  the  deflection  curve  is  a  circle,  from  which  it 
can  differ  but  slightly,  we  have  from  eq.  132, 

D  =  g^  nearly,  (6) 

whence,  by  substitution  in  eq.  (a),  we  have, 

W  =  MM  (c) 

Further,  recollecting  that  K  is  equal  to  the  contraction  of  the 
concave  plus  the  extension  of  the  concave  edge,  we  have  from  eq.  2, 

Substituting  this  in  eq.  (c),  we  have 

W  =  ^^^  (230) 

Beplacing  M  by  its  values  in  91  and  the  succeeding  sections  and 

recollecting  that  the  ratio  ->  in  eq.  230  is  equal  to  the  ratio  -^ 

in  the  46th  and  succeeding  equations,  we  obtain  the  following  values 
for  the  strength  of  long  pillars f  of  various  sections: — 

*  Mr.  Hodgkin8on*B  ezperimentB  show  that  this  inveetigation  is  not  applicable  to 
pillars  whose  length  is  less  than  fifty  diameters  if  made  of  cast-iron,  or  eighty 
diameters  if  made  of  wrought-iron. 

t  Calling  the  diameter  unity,  it  may  be  shown  that  the  lateral  deflection  of  a  yery 
long  piUar  per  nnit  of  its  length  »  |th  of  the  shortening  of  the  concave  side,  or  ^tb  of 
the  extension  of  the  convex  side,  per  linear  unit,  in  the  following  manner  :— 
Let  R  =  the  radius  of  curvature, 

8  =  the  lateral  deflection  of  a  unit  of  length, 
X'  =  the  longitudinal  shortening  or  extension  per  linear  unit, 
and  the  other  symbols  as  before  : 

from  (6),     D  ss       or,  since  d  =  unity,  =  — — 

8a  4 

also,    «  =  -i- ,  and  D  =  * 
8R  tR 

••'       i»       4 
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SM,  liony  solid  reetanffular  pUlam — ^Eiony  solid  romid 
pillars — ^LoDir  hollow  roand  pillars — StrenirA  of  loay  pillars 
depends  on  the  eoelllelent  of  elastleliy. — From  equations  46 
and  230  we  have  for  long  solid  rectangular  pillars, 

W  =  ?^  .  (281) 

where  d  =  the  shortest  side. 
From  equations  48  and  230  we  have  for  long  solid  round  pillars, 

W  =  ^^  (232) 

where  d  =  the  diameter  of  the  pillar. 
From  equations  49  and  230  we  have  for  long  hollow  round,  pillars 

W  =  ^^^^^^  (233) 

where  d  =  the  external  diameter, 
d,  zz  the  internal  diameter. 
These  equations  prove  that  the  strength  of  very  long  square  or 
round  pillars  varies  as  the  fourth  power  of  their  diameter  divided 
by  the  square  of  their  length,  and  the  longer  the  pillar  is  in  pro- 
portion to  its  diameter,  the  closer  will  these  equations  represent  the 
truth ;  in  such  pillars  the  neutral  surface  will  not  lie  far  from  the 
central  axis,  and  the  deflecting  weight,  W,  will  be  small  compared 
to  that  which  would  crush  a  very  short  pillar  of  the  same  diameter. 
It  is  also  to  be  observed  that  the  strength  of  very  long  pillars 
depends,  not  on  the  strength  of  the  material,  but  on  E,  which 
represents  its  stiffness  and  capability  of  resisting  flexure.  This 
theoretic  result  agrees  with  the  fact  that,  although  a  short  round 
pillar  of  cast-iron  will  bear  a  much  greater  weight  than  a  similar 
pillar  of  wrought-iron,  because  the  crushing  strength  of  cast-iron  is 
from  two  to  three  times  greater  than  that  of  wrought-iron,  yet  a 
solid  wrought-iron  pillar  over  26  diameters  in  length  will  support  a 
greater  weight  than  a  similar  one  of  cast-iron,  because  the  coefficient 
of  elasticity  of  wrought-iron  is  considerably  higher  than  that  of 
cast-iron  (889). 

808.  Strength  of  similar  lonir  pillars  are  as  their  trans- 
Terse  areas — ^Welyhts  of  lonir  pillars  of  eqoal  strenfrih  and 
similar  In  seetlonj  bat  of  different  lenythSj  are  as  the  squares 
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of  their  lenythfl. — These  equations  also  prove  that  the  strengths 
of  similar  long  pillars  are  as  the  squares  of  any  linear  dimension, 
that  is,  as  their  transverse  areas ;  while  their  weights  are  as  the 
cubes  of  any  linear  dimension.  Further,  if  the  strengths  of  long 
pillars  of  similar  section  remain  constant  while  their  lengths  vary, 
their  transverse  areas  will  vary  as  their  lengths,  and  their  weights 
therefore  will  vary  as  the  squares  of  their  lengths. 

809.  Weight  whleh  will  deflect  a  Tery  I0D9  pillar  U  Tery 
near  the  breaking  weight. — It  appears  from  eq.  (6)  that,  if  a 
very  long  pillar  be  bent  in  different  degrees,  D  will  vary  as  X,  that 

is,  as /(I);  and,  from  eq.  (a),  W  =  -=-,  which  is  constant,  since  M 

also  varies  as  /;  hence  it  follows,  that  W,  the  weight  which  keeps 
the  pillar  bent,  is  nearly  the  same  whether  the  flexure  be  greater  or 
less.  This  statement  would  be  accurately  true  were  it  not  that 
the  assumptions  on  which  eqs.  (a)  and  (b)  are  based  and  the  law  of ' 
elasticity  are  only  approximate.  It  will,  however,  agree  very  closely 
with  experiment  when  the  pillar  is  long  enough  to  allow  D  to  be 
considerable,  even  though  the  curvature  be  small.  From  this  it 
follows,  that  any  weight  which  produces  moderate  flexure  in  a  very 
long  pillar  will  also  be  very  near  the  breaking  weight,  as  a  trifling 
additional  load  will  bend  the  pillar  very  much  more,  and  strain 
the  fibres  beyond  what  they  can  bear.  This  theoretic  result  is  in 
accordance  with  ihe  following  observation  of  Mr.  Hodgkinson : — 
^'  From  the  first  experiment  on  long  hollow  pillars  with  rounded 
ends,  it  was  evident  that  so  little  flexure  of  the  pillar  was  necessary 
to  overcome  its  greatest  resistance  (and  beyond  this  a  smaller  weight 
would  have  broken  it),  that  the  elasticity  of  the  pillars  was  very 
little  injured  by  the  pressure,  if  the  weight  was  prevented  from 
acting  upon  the  pillar  after  it  began  to  sink  rapidly,  through  its 
greatest  resistance  being  overcome.*** 

As  all  the  longitudinal  forces  at  the  middle  of  the  pillar  balance, 
we  have  the  following  equation : — 

C  =  T  +  W. 
This  enables  us  to  predict  how  a  very  long  pillar  will  fail,  whether 

*  PML  Tram.,  1840,  p.  411. 
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by  the  convex  side  tearing  asunder,  or  by  the  concave  side  crushing. 
A  long  wrought-iron  pillar,  for  instance,  may  be  expected  to  fail 
on  the  concave  side,  because  its  power  to  resist  compression,  ue.y 
bulging,  is  less  than  that  to  resist  extension.  A  long  pillar  of  cast- 
iron,  on  the  contrary,  will  probably  fail  by  the  convex  side  tearing 
asunder,  because  the  compressive  strength  of  cast-iron  greatly 
exceeds  its  tenacity.  This  is  corroborated  by  Mr.  Hodgkinson's 
experiments  on  long  hollow  cast-iron  pillars  which  ^'  seldom  gave 

way  by  compression."* 

810.    Pillars   divided   Into   three    elaMes    aeeordlav   to 
length. — Our  knowledge  of  the  laws  of  the  resistance  of  pillars  to 

flexure,  though  perhaps  not  so  satisfactory  in  a  theoretic  point  of 
view  as  might  be  desired,  is,  however,  owing  to  Mr.  Hodgkinson's 
able  investigations,  aided  by  the  liberality  of  Sir  William  Fairbaim, 
the  late  Mr.  B.  Stephenson  and  the  Royal  Society,  practically  far 
enough  advanced  to  enable  us  to  predict  with  considerable  accuracy 
the  strength  of  pillars  of  the  usual  forms.  The  results  of  these 
investigations  are  here  given;  the  reader  who  desires  more 
detailed  information  respecting  the  experiments,  is  referred  to  IVIr. 
Hodgkinson's  original  papers,t  in  which  he  divides  pillars  into  three 
classes  according  to  l^igth : — 

!**•  Short  pillars,  whose  length  (if  cast-iron,  under  four  or  five 
diameters)  is  so  small  compared  with  their  diameter  that  they  fail 
by  actual  crushing  of  the  material,  not  by  flexure ;  the  strength  of 
these  has  been  already  investigated  in  the  previous  chapter. 

2°.  Long  flexible  pillars,  whose  length  is  so  great  (if  cast-iron, 
thirty  diameters  and  upwards  when  both  ends  are  flat,  fifteen 
diameters  and  upwards  when  both  ends  are  rounded,)  that  they  fail 
by  flexure  like  girders  subject  to  transverse  strain,  the  breaking 
weight  being  far  short  of  that  required  to  crush  the  material  when 
in  short  pieces. 

♦  PhiL  Tram.,  1840,  p.  409. 

t  Report  of  the  British  Aiioeiatian,  YoL  yl—PhUoiophieal  TrantaetionM,  1840 
and  1857. — Experimental  Beeearchea  <m  the  strength  and  other  propertiet  of  Cast-Iron, 
By  R  Hodgkiiuon,  F.Bi{.  London,  1846. — Beport  of  the  Commuiionen  appointed  to 
in^ire  into  the  application  of  Iron  to  Bailway  Structures,  1849. 
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3^.  Medium^  or  short  fiexible  pillars^  whose  length  is  such  that, 
though  thej  deflect,  jet  the  breaking  weight  is  a  considerable 
portion  of  that  required  to  crush  shoTt  pillars.  This  class  includes 
all  pillars  which  are  intermediate  in  length  between  those  in  the 
first  two  classes,  and  they  may  be  said  to  fail  partly  by  flexure  and 
partly  by  crushing. 

In  the  following  remarks  the  passages  in  inverted  commas  are 
verbatim  extracts  from  Mr.  Hodgkinson^s  writings. 

Long  pillars  which  fail  by  flexube;  lenoth,  it  both 
ends  are  flat  and  firmly  bedded,  exceeding  30  dia- 
meters for  cast-iron  and  timber,  and  60  diameters 

FOR  WROUGHT-IRON. 

811.  liODff  plllam  nith  flat  ends  flrmly  bedded  are  three 

times  miron^tw  thaii  pillars  with  round  ends. — ''  In  all  long 

pillars  of  the  same  dimensions,  the  resistance  to  fracture  by  flexure 

is  about  three  times  greater  when  the  ends  of  the  pillars  are  flat 

and  firmly  bedded,  than  when  they  are  rounded  and  capable  of 

turning/'— -Erp.  Res,^  p.  332.     From  this  it  follows,  that  pillars  like 

the  jib  of  a  crane  would  be  much  stronger  if  their  ends  were  fixed ; 

there  is,  however,  a  practical  advantage  sometimes  in  having  them 

jointed  for  the  purpose  of  altering  the  range  or  height  of  the  jib. 

819.  Strenirth  of  pillars  with  one  end  round  and  the  other 
flat  Is  a  mean  between  that  of  a  pillar  with  hoth  ends 

round  and  one  with  hoth  endfei  flat. — ''  The  strength  of  a  pillar, 
with  one  end  round  and  the  other  flat,  is  the  arithmetical  mean 
between  that  of  a  pillar  of  the  same  dimensions  with  both  ends 
rounded,  and  with  both  ends  flat.  Thus,  of  three  cylindrical  pillars, 
all  of  the  same  length  and  diameter,  the  first  having  its  ends 
rounded,  the  second  with  one  end  rounded  and  one  flat,  and  the 
third  with  both  ends  flat,  the  strengths  are  as  1,  2,  3,  nearly." — 
Exp.  Re8,y  p.  332.  This  law  applies  to  medium  as  well  as  to  long 
pillars,  but  in  the  medium  pillars  the  strength  of  those  with  flat 
ends  varies  from  3  to  1*5  times  that  of  those  with  rounded  ends,  or 
less  according  as  we  reduce  the  number  of  times  which  the  length 
exceeds  the  diameter. — Phil  Trans.^  1840,  pp.  389,  421. 
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Sia.  A  liMR  pillar  wKk  cads  flrmlr  Izcd  Is  mm  mtnmg  mm  m 
pUiar  of  hair  the  leartb  with  roaad  eads. — "  A  long  tmiform 
pillar,  with  its  ends  firmly  fixed,  whether  by  discfl  or  otherwise,  has 
the  same  power  to  resist  breaking  as  a  pilUr  of  the  same  diameter, 
and  half  the  length,  with  the  ends  rounded  or  turned  so  that  the 
force  would  pass  through  tlie  axis." — Exp.  Res.,  p.  332. 

Of  this  fact  Mr.  Hodgkinson  offers  the  following  explanation : — 
"  Suppose  a  long  nniform  bar  of  cast-iron  were  bent  by  a  pressure 
at  its  ends  so  sa  to  take  the  form  Mcde/B,  where  all  the  curves 
pj^  jQj       Abe,  cde,  efB,  separated  by  the  str^ght  line  AceB, 
would  be  equal,  since  the  bar  was  supposed  to  be 
uniform.     The  curve  having  taken  this  form,  suppose 
it  to  be  rendered  immovable  at  the  points  b  and  /,  by 
some  firm  fixings  at  those  points.     This  done,  it  is 
evident  we  may  remove  the  parts  near  to  A  and  B, 
without  at  all  altering  the  curve  bcdt/oi  the  part  of 
the  pillar  between  b  and/,  and  consider  only  that  part. 
The  part  bf,  which  alone  we  shall  have  to  consider, 
will  be  equally  bent  at  all  the  points  b,d^.     The 
points  c  and  e  too  are  points  of  contrary  flexure,  con- 
sequently the  pillar  is  not  bent  in  them.     These  points 
are  unconstrained  except  by  the  pressure  which  forces 
them  together,  and  the  pillar  might  be  reduced  to 
any  degree  in.  them,  provided  they  were  not  crushed 
or  detruded  by  the  compressing  force.     These  points 
may  then  be  conceived  as  acting  like  the  rounded  ends 
of  the  pilhirs,  and  the  part  cde  of  the  pillar,  with  its 
ends  c  and  e  rounded,  will  be  bearing  the  same  weight  as  the  whole 
pillar  bcdefoi  double  the  length  with  its  ends,  bf,  firmly  fixed." — 
PAt7.  Trans.,  1857,  p.  855. 

■14.  Hml^(laB«a'»  law«  apply  to  eaat-lrOBt  iitcci,  wrOH^bt- 
IroB,  aad  waod. — "  The  preceding  properties  were  found  to  exist 
in  long  pillars  of  steel,  wrought-iron  and  wood,"  as  well  as  cast-iron. 
They  apply  only  to  pillars  whose  length  is  so  great  in  proportion  to 
th^  diameter  that  the  breaking  unit>stnun  of  the  pillar  is  far  short 
(for  cast-iron  not  exceeding  one-fourth)  of  the  crushing  unitrstrun 
of  the  material.— £rp.  Ha.,  pp.  333,  341. 
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815*   Posttloii   of  lk*act«re  In   lonir   eafft-lron   pUlanu — 

Long  uniform  cast-iron  pillars  with  both  ends  round  break  in  one 
place  only — ^the  middle ;  those  with  both  ends  flat  in  three-— at  the 
middle  and  near  each  end ;  those  with  one  end  round  and  one  flat, 
at  about  one-third  of  the  distance  from  the  round  end.  Plate  III. 
represents  the  curves  indicating  the  form  of  flexure  in  each  class 
of  pillar.— PAi/.  Trans.,  1857,  p.  858. 

816.  Uhaem  on  the  ends  add  bat  little  to  the  strenirth  of 
flat-ended  pillars. — Cast-iron  pillars  with  discs  on  their  ends  are 
somewhat  stronger  than  those  with  merely  flat  ends,  but  the 
difierence  of  strength  is  trifling. — FhiL  Trans. ^  1840,  p.  391. 

819.  KnlaivlnfT  the  diameter  In  the  middle  of  solid  pillars 
Increases  their  strenfrth  slightly. — '*  In  all  the  (solid  cast-iron) 
pillars  with  rounded  ends,  those  with  increased  middles  were 
stronger  than  uniform  pillars  of  the  same  weight,  the  increase 
being  about  one-seventh  of  the  weight  borne  by  the  former."  This 
increase  of  strength  was  more  marked  in  pillars  with  rounded  ends 
than  in  those  with  discs,  for  "  in  the  pillars  with  discs,  those  with 
the  middle  but  little  increased  had  no  advantage,  with  regard  to 
strength,  over  the  uniform  ones.  But  the  pillars  with  the  middle 
diameter  half  as  great  again  as  the  end  ones  bore  from  one-eighth 
to  one-ninth  more  than  uniform  pillars  of  the  same  weight  with 
discs  upon  the  ends/' — Phil.  Trans.,  1840,  p.  395. 

8I§.  Enlariplnir  the  diameter  In  the  middle  or  at  one 
end  of  hollow  pillars  does  not  Increase  their  streni^th. — 

In  hollow  (cast-iron)  pillars  of  greater  diameter  at  one  end  than  the 
other,  or  in  the  middle  than  at  the  ends,  it  was  not  found  that  any 
additional  strength  was  obtained  over  that  of  uniform  cylindrical 
pillars." — Exp.  Res.,  p.  349. 

810.  Solid  square  east-Iron  pillars  yield  In  the  direction 
of  their  diagonals. — Solid  ''square  (cast-iron)  pillars  do  not  bend 
or  break  in  a  direction  parallel  to  their  sides,  but  to  their  diago- 
nals, nearly." — Exp.  Res.,  p.  331. 

880.  lionir  pillars  IrreiriilAriy  fixed  lose  fk^m  two-thirds  to 
fhnr-flflths  of  their  strenirth. — ''A  (long)  pillar  irregularly 
fixed,  so  that  the  pressure  would  be  in  the  direction  of  the  diagonal, 
is  reduced  to  one-third  of  its  strength,  the  case  being  nearly 
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similar  to  that  of  a  (long)  pillar  with  rounded  ends,  the  strength  of 
which  has  been  shown  to  be  only  ^rd  of  that  of  a  pillar  with  flat 
ends." — Exp.  Rea,^  p.  350.  And  in  two  experiments  on  long  solid 
cast-iron  pillars  with  the  ends  formed  so  that  the  pressure  would  not 
pass  through  the  axis,  but  in  lines  one-fourth  of  the  diameter  and 
one-eighth  of  the  diameter  respectively  from  one  side,  the  breaking 
weights  werQ  little  more  than  one-half  that  of  a  pillar  of  the  same 
dimensions  with  the  ends  turned  so  that  the  force  would  pass 
through  the  axis,  that  is,  their  strength  was  reduced  to  about  ^th 
of  that  of  a  similar  flat-bedded  pillar. — Pkil.   Trans.y  1840,  pp. 

413,  449. 

891.  Strength  of  similar  loni^  pillars  is  as  their  transverse 
area. — The  strength  of  similar  long  pillars  is  nearly  as  the  area 
of  their  transverse  section.  As  derived  from  Mr.  Hodgkinson's 
experiments  on  cast-iron,  the  strength  varied  as  the  1*865  power 
of  the  diameter  or  any  other  linear  dimensions. — Exp,  i?«.,  p.  346. 
This  has  already  been  proved  theoretically  in  80§. 

CA8T-IBON  PILLASS. 

888.  Hodi^Uason's  roies  fbr  soild  or  taiollow  roaad  east- 
Iron  pillars  whose  length  exceeds  80  diameters. — The  fol- 
lowing formulae  have  been  deduced  by  Mr.  Hodgkinson  from  his 
experiments  to  represent  the  breaking  weights  of  pillars  with  both 
ends^^  and  well  bedded^  and  whose  lengths  exceed  30  diameters.* 
If  the  ends  are  rounded  or  otherwise  insecurely  bedded,  the 
breaking  weight  given  by  the  formulae  must  be  divided  by  3  (811). 
Let  W  =  the  breaking  weight  in  tons, 

/  =  the  length  of  the  pillar  in  feet, 
d  =  the  external  diameter  in  inches, 
d^  =  the  internal  diameter  of  hollow  pillars  in  inches, 
m  =  a  coefficient  varying  with  the  quality  of  the  cast-iron, 
and  derived  from  experiment. 
Long  solid  round  pillars  of  cast-iron. 

W  =  m  ^^*  (234) 

♦  PhU.  Traiu.,  1867,  pp.  862,  872. 
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Long  hollow  ronnd  pillars  of  Low  Moor  cast-iron,  No.  2.* 

W  =  42-347  — ^,Te?i-  (235) 

Ex.  Wbai  is  the  brealdiig  weight  of  a  solid  round  cast-izon  pillar  10  feet  long  and  % 
nHJiee  m  diameter  ?    From  table  L,  m  =  42*6  tons, 

o%'%  11*814 

AnMwer  (eq.  234),  W  =  «  ^^,:^  =  42-6  -^-^  —  =  11-8  ton*. 

If  the  pillar  he  not  Teiy  lecuzely  fixed  at  the  ends,  the  breaking  weight  will 

11*S 
=  —  =  8*77  tons,  and  the  safe  load  in  practice  will  be  ^th  of  this  =  '68  tons, 

provided  the  pillar  is  not  subject  to  vibration,  in  which  case  the  safe  load  will  be  only 
i^fth  =  0-814  tons. 

The  three  following  tables  contain  the  values  of  the  coefficient 
m,  derived  from  experiments  on  solid  pillars  of  cast-iron  10  feet 
long  and  2^  inches  diameter,  with  their  ends  flat ;  also  the  powers 
of  diameters  and  lengths  of  pillars. — Phil.  Trans.y  1857,  pp.  872 
and  830. 

TABLE  I.— CoxFFiciENTB  m  in  eq.  284  (representing  the  strength  of  a  pillar  1  foot 

long  and  1  inch  in  diameter. 


Daaerlption  of  Iron. 

ValMof 
coefflcient  m. 

Old  Park  iron,  No.  1. 
1  Stourbridge— cold  blast,              ..... 

lbs.          tons. 
111868  »  49-94 

Derwent  iron,  No.  1. 
Dnrhsm — ^hot  blast,         ...... 

105079  B  46-91 

Portland  iron.  No.  1. 
'  Torine,  Scotland— hot  blast, 

104C98  »  46-47 

Calder  iron.  No.  1. 
Luiaricshiie— hot  blast,  ...... 

104187  =  46-49 

London  mixture. 
One-hsif  old  plate  iron,  and  one-half  Calder  iron. 

92862  »  41-46 

1 

Level  iron.  No.  1. 

Stsffoidahite— hot  blast, 

1 

94202  =  42*05 

*  "The  pillars  from  this  iron  wero  cast  10  feet  long,  and  from  2^  to  4  inches 
dimeter,  approaching  in  some  degree,  as  to  size,  to  the  smaller  ones  used  in  practice." 
^AiDc.  A)y.  Sac,  VoL  viii,  p.  819. 
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TABLE  L — C01FFIOISNT8  m  id  eq.  234 — eonHnu^d, 


Deicriptloik  of  inn. 

Value  of 
oooffident  M. 

Goltnen  iron,  No.  1. 
Edinbiugli— hot  bUut,     ...... 

90119  =  40-28 

Canon  iron,  No.  1. 
County  of  Stuling — ^hot  blast,     ..... 

89949  =  40-16 

Blaenaron  iron.  No.  1. 
Sonih  Wales^oold  blast, 

• 

86114  =  88-44 

Old  Hill  iron,  No.  1. 
StaffoTdflhir»—oold  blast,            ..... 

76270  =  88-60 

Second  London  mixture. 
One-third  No.  1  best  Scotch  pig-iron,  and  two-thirds  old  metal,  • 

104623  s  46-21 

Low  Moor  iron,  No.  2. 
Yorkshire- cold  blast,     ...... 

90674  =:  40-48 

Blaenayon  iron.  No.  8. 
South  Wales— cold  blast, 

92329  =:  41-22 

Mean  of  18  irons,            ...... 

96486  =  42-6 

TABLE  IL— POWBBS  of  BlAlOTKRfl,  OB  <£*-^ 


i-o»-»  = 

1-0000 

4-25»-»  =  168-26 

6-8»-»    =   819-94 

l-26»-»  = 

21887 

4-8»-»   =164-87 

6-9»-»   =    862-92 

l-6»-»   = 

4-1836 

4-4»-»    =178-68 

70»-»   =    907-49 

l-76»-»  = 

7-0898 

4*6»-»   =193-306 

7-l»»   =   958-68 

2*0'**   -. 

11-814 

4-6'-»   =208-76 

7-2>-»   =1001-68 

2*1»*»   = 

18-4206 

4-7»-»    =226-08 

7-26«-»  =  1026-08 

2-2»*»   = 

167986 

4-76'-»  =  288-68 

7-8»-»   =1061-07 

2-26»-»  = 

17-086 

4.8»»   =242-296 

7-4»-»   =1102-88 

2-8***   s 

18-462 

4-9»-»   =260-48 

7-6»-»   =1166-86 

2-4»-»   = 

21*416 

6-0»**   =279-61 

7-6'»   =1210-17 
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TABLE  II.- 

P0WXB8  OF  D1AMITXB8,  01 

i  (P'^—eontinued, 

2-6»'»   =    2*705 

5-l»-»   =299-57 

77»»   =1266-88 

2-6»»   =    28-840 

5-2*-»    =820-635 

7-75»-»  =  1295-85 

2-7»-*    =   82-3425 

5-25»-*  =  881-56 

7-8»-6   =1825-35 

2-75»-«=   84-488 

5-8»*   =842-74 

7-9»-»   =1385-78 

2-8»-»   =    86-788 

5-4»-»   =865-91 

8-0*-*   =1448-15 

2.986   =    41-538 

5-6»-*   =890-18 

8-25»-»  =  1612-88 

8-0»-»   =   46765 

6-6»*   =415-58 

8-5»*   =1790-47 

8-l»-»   =   62-4525 

6-7"   =442-14 

876»-»  =  1981-66 

8-2»-»   =   58-617 

5-75»-*  =  455-87 

9-0»-»   =2187-00 

8-25»*=    61-886 

5-8»-»    =469-89 

9-25»-*  =  240711 

8-8«-*    =    65-288 

5-9»-»   =498-86 

9-5»-»   =2642-61 

8-4»-*   =   72-478 

6-0»-»   =529-09 

975»*  =  2894-12 

8-5«-»   =    80-212 

6-1*-*   =560-60 

10-0»»   =8162-28 

8'6»-»   =    88-5285 

6-2*-*   =598-48 

10-25*-*  =  844778 

87»-»   =    97-488 

6-25»-*  =  610-35 

10-6»-»    =8751-18 

876»-*  =  102-12 

6-8''»   =627-61 

1076»-»  =  4078-14 

8-8»-*   =106-965 

6-4'-»   =668-18 

ll-0»-*   =4414-48 

8-9»*   =117-15 

6-5»-*   =700-16 

ll-25«'*  «  4775-66 

40»-»    =128-00 

6-6»-»   =738-59 

ll-5»-*   =5157-54 

4-l'-»    =189-65 

67«-»   =778-51 

1 

11  75»-»  =  566074 

4-2»-»   =151-885 

6-75»-*  =  799-08 

12-0'-*    =5985-96 

TABLE  III.— P0WKB8  01"  Lknotbs,  or  Z'-«*. 

11^  =    1- 

71»-«  =  26-6901 

16»-«»=    917781 

2«'«   =   8-0951 

8»'«»   =29-6508 

17»'"  =  101-805 

2i»-«=   4-4629 

9»'«   =  85-9265 

18»-«  =  111-197 

8>-«   =   6-9989 

10»-«   =  42-6580 

191-w  =  121-442 

4>'«»  =   9-5798 

IV-^   =49-8276 

20»-«»  =  182-082 

5>-«  =187828 

121-w   =57-4208 

21>-«»  =  142-961 

6»-«  =18-5518 

18>-«   =65-4226 

22»'«»  =  164-228 

■ 

6i»-"  =  19-8282 

14»-~   =78-8225 

28»-«  =  165-812 

71-w  =28-8512 

15»-«   =  82-6098 

24>-«  =  177-728 
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8M.  Hodirklii0Oii'0  roles  Iter  solid  or  hoUow  roond  cast- 
Iron  pillars  of  medlam  lenirtb*  l*e.»  pillars  w^hose  lenf(ih 
is  less  than  80  diameters^  with  both  ends  flat  and  well 

bedded. — ^*  The  formulao  above  (eqs.  234,  235)  apply  to  all  (cast- 
iron)  pillars  whose  length  is  not  less  than  about  80  times  the 
external  diameter;  for  pillars  shorter  than  this,  it  will  be  necessary 
to  modify  the  formulas  by  other  considerations,  since  in  these 
shorter  pillars  the  breaking  weight  is  a  considerable  proportion  of 
that  necessary  to  crush  the  pillar.  Thus,  considering  the  pillar 
as  having  two  functions,  one  to  support  the  weight,  and  the  other 
to  resist  flexure,  it  follows  that  when  the  material  is  incompressible 
(supposing  such  to  exist),  or  when  the  pressure  necessary  to  break 
the  pillar  is  very  small,  on  account  of  the  greatness  of  its  length 
compared  with  its  lateral  dimensions,  then  the  strength  of  the 
whole  transverse  section  of  the  pillar  will  be  employed  in  resisting 
flexure;  when  the  breaking  pressure  is  half  of  what  would  be 
required  to  crush  the  material,  one  half  only  of  the  strength  may 
be  considered  as  available  for  resistance  to  flexure,  whilst  the  other 
half  is  employed  to  resist  crushing ;  and  when,  through  the  short- 
ness of  the  pillar,  the  breaking  weight  is  so  great  as  to  be  nearly 
equal  to  the  crushing  force,  we  may  consider  that  no  part  of  the 
strength  of  the  pillar  is  applied  to  resist  flexure." — Exp.  Res,^  p. 
337.  Acting  on  this  view,  Mr.  Hodgkinson  devised  the  following 
formula  for  the  ultimate  strength  of  medium  pillars  of  cast-iron 
and  timber  whose  length  is  less  than  30  diameters,  with  both  ends 
flat  and  well  bedded. 

where  W  =  the  breaking  weight  in  tons  derived  from  the  formulas 

for  long  pillars,  on  the  hypothesis  that  the  pillar 
yields  by  flexure  alone, 

e  =  the  crushing  weight  of  a  short  length  of  the  pillar,  t.«., 
its  sectional  area  multiplied  by  the  crushing  unit- 
strain  of  the  material  in  tons, 

W  =  the  real  breaking  weight  of  the  medium  pillar  in  tons, 
from  the  combined  efiects  of  flexure  and  crushing 
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Ex.  1.  Wliat  IB  the  breaking  weight  of  ft  solid  pillftr  of  BlaenftTon  iron.  No.  8,  9  feet 
long  and  6  inches  in  diameter,  with  flat  ends  carefully  bedded,  and  whose  crushing 
strength  =  87 '8  tons  per  square  inch  ? 

From  Table  L,   m  =  41*2  tons, 

c  =  37*8  X  28-8  =  1066  tons, 

from  aq.  284,  W  =  41'2  ^  =  605  tons. 

8o 

Answer,  (eq.  286).    Breaking  weight,  W  =  ^q!  ^  yg^^  =  467  tons. 

If  intended  for  a  warehouse,  the  greatest  load  in  practice  should  not  exceed  ^th  of 
this,  s  76  tons,  and  that  only  when  the  ends  are  adjusted  with  the  greatest  care,  so  as 
to  have  a  very  uniform  bearing ;  when  this  is  not  the  case  the  effect  will  be  the  same 
as  if  the  ends  were  rounded,  in  which  case  the  breaking  weight  will  be  xAuch  less 

(Sit),  probably  only  ^'  =  ^  s  228*6  tons,  of  which  ^th,  or  the  safe  working 

load,  will  =  88  tons. 

Ex.  2.  Whftt  is  the  breaking  weight  of  a  hollow  flat-bedded  pillar  of  the  same  iron, 
of  the  same  height  and  external  diameter,  and  whose  internal  diameter  s  4  indies ! 

On  examining  Table  IL  (9M),  we  find  that  the  crushing  strength  of  Blaenavon 
iron,  No.  8,  medium,  =  87*8  tons  per  inch,  while  that  of  Low  Moor,  Na  2, 
medium,  =  84*6  tons.  We  may  therefore  assume  that  the  coefficient  in  eq.  286  for 
hoUow  cylinders  of  Blaenayon  iron  is  the  same  as  that  for  Low  Moor. 

Here,    e  =  87*3  X  15*7  =  686  tons, 

from  eq.  286,  W  =  42*86  ^^^TT^^^  =  472  tons  nearly. 

oo 

Awwer,  (eq.  286).    Breaking  weight,  W  =  ^^2X686^3^3  ^^ 

472  +  440 

of  which  ^\^  or  the  working  load,  s  60'6  tons,  ie.,  when  the  ends  are  fitted  with 

extreme  care  ;  otherwise^  — --  =  26*26  tons,  is  a  sufficient  load  in  ordinary  practice. 

12 

884.  A  slight  Ineqaallty  In  the  thiekness  of  bollow  cast- 
iron  pillars  does  not  Imiialr  their  strensrth  materially — 
Rales  Ibr  the  thickness  of  hollow  cast-iron  pillars. — Referring 
to  castings  of  unequal  thickness,  Mr.  Hodgkinson  remarks : — 
*'  In  experiments  upon  hollow  pillars  it  is  frequently  found  that 
the  metal  on  one  side  is  much  thinner  than  that  on  the  other;  but 
this  does  not  produce  so  great  a  diminution  in  the  strength  as 
might  be  expected,  for  the  thinner  part  of  a  casting  is  much 
harder  than  the  thicker,  and  this  usually  becomes  the  compressed 
ride."— PAi7.  Trans.,  1857,  p.  862. 

In  practice,  neither  the  excess  or  want  of  thickness  should 

exceed  25  per  cent,  of  the  average  thickness;  if,  for  instance,  a 
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hollow  pillar  is  specified  to  be  1  inch  in  thickness,  then  in  no 
place  should  the  metal  be  less  than  |  inch  or  more  than  1^  inch 
thick.  General  Morin  gives  the  following  rule,  based  on  the 
founder^s  experience,  for  the  minimum  thickness  of  ordinary  hollow 
cast-iron  pillars* : — 

Height  of  pillar  in  feet,  7  to  10  10  to  13  13  to  20  20  to  27 
Minimum  thickness  in  inches,     '5  '6  *8  1  *0 

Another  practical  rule  is  to  make  the  thickness  of  metal  in  no 
case  less  than  -^^th  of  the  diameter  of  the  pillar. 

885.  -{-  and  H  shaped  pillars. — A  cast-iron  pillar  of  the  -{- 
form  of  section,  ''  as  in  the  connecting  rod  of  a  steam  engine,  the 
ends  being  movable,  is  very  weak  to  bear  a  strain  as  a  pillar,  and 
indeed  less  than  half  the  strength  of  a  hollow  cylindrical  pillar 
of  the  same  weight  and  length,  rounded  at  the  ends.*' — PhU.  TVans., 
1857,  p.  893.— ^;cp.  Bes.,  p.  350. 

A  cast-iron  pillar  of  the  H  form  of  section  with  rounded  ends 
was  found  to  be  '^  considerably  stronger  than  the  preceding,  but 
much  weaker  than  a  hollow  cylinder  of  the  same  weight."  Their 
relative  strengths,  according  to  Mr.  Hodgkinson's  experiments,  were 
in  the  following  proportions,  all  the  pillars  being  of  the  same  weight 
and  length  and  rounded  at  the  ends. — Phil.  Tram.y  1840,  pp.  413, 
449. 

Hollow  cylindrical  pillar,       ....      100 

H  shaped  pillar, 75 

-f-*  shaped  pillar, 44 

880.  RelatlTe  strength  of  roandj  sqaare^  and  tiiaavnlar 
solid  cast-iron  pillars. — From  a  comparison  of  Mr.  Hodgkinson's 
experiments  it  appears  that  long  solid  square  cajst-iron  pillars  are 
about  50  per  cent,  stronger  than  solid  cylindrical  pillars  of  the  same 
length  and  of  diameters  equal  to  the  sides  of  the  squares,  whereas 
their  area,  t.e.,  their  weight,  is  only  27  per  cent,  greater.  This  is  equi- 
valent to  saying  that  the  breaking  unit-strain  of  a  long  solid  square 
cast-iron  pillar  is  1*178  times  that  of  the  inscribed  circular  pillar  of 

*  lUnitanee  dti  MctUrianx,  p.  110. 
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equal  length. — Phil.  Trans.y  1840,  pp.  431,  437.  Solid  triangular 
pillars  of  cast-iron  with  flat  ends  are  somewhat  stronger  than  those 
with  either  circular  or  square  sections. — Phil.  Trans.,  1857,  p.  893. 
Their  relative  strengths,  according  to  Mr.  Hodgkinson's  experiments, 
were  in  the  following  proportions,  all  the  pillars  being  of  the  same 
weight  and  length : — 

Long  solid  round  pillar,  ....  100 
square  „  ....  93 
triangular  „         ....       110 

From  this  it  follows  that  for  practical  purposes  the  round  pillar 
is  the  most  economical  form  of  solid  cast-iron  pillar,  since  the 
shape  of  the  triangle  will  generally  prohibit  its  use. 

M7.  €rordon*s  roles  Ibr  pillars. — ^Professor  Gordon  has  de- 
duced from  Mr.  Hodgkinson^s  experiments  the  following  convenient 

formulae  for  the  strength  of  pillars : — 

Let/  =  the  breaking  weight  per  square  unit  of  section,  ue,,  the 
breaking  unit-strain, 
r  =  the  ratio  of  length  to  diameter, 
a  and  b  =  constants  depending  on  the  material  and  the  section  of 

the  pillar. 
1^.  Pillars  with  both  ends  flat  and  bedded  with  extreme  care. 

2°.  Pillars  with  both  ends  jointed  or  imperfectly  fixed. 

8S§.  liolid  or  bollow  roond  cast-iron  pillars. — The  values 
of  the  coefficients  in  Gordon's  formulae  for  solid  or  hollow  cast-iron 

pillars  are  as  follows : — 

1 

a  =  36  tons,  b  =  ttu^- 

400 

The  following  table  has  been  calculated  from  these  equations,  and 
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shows  at  a  glance  the  breaking  weight  per  square  inch  of  solid  or 
hollow  round  cast-iron  pillars  of  various  ratios  of  length  to  diameter. 


TABLE  lY.— Fob  Caloulatdto  the  Stbebtoth  of  Sold)  ob  Hollow  Bouhd 

Cast-ibov  Pillabs. 


Ratio  of  length  to  diameter. 

6 

10 

Ifi 

20 

25 

80 

86 

40 

46 

50 

55 

60 

65 

70 

75 

80 

Breaking 

weight  in 

tons  per 

square  inch. 

Both  ends  flat  and  bedded 
with  extreme  care. 

99-9 

28-8 

28 

18 

14 

11 

8-9 

7-2 

5-9 

5*0 

4-2 

8-6 

81 

2-7 

2*4 

21 

Both  enda  Jointed  or  im- 
perfectly fixed. 

28-8 

18 

11 

7-2 

6-0 

8-6 

2-7 

2-1 

1-7 

1-4 

115 

•97 

•88 

■72 

•68 

-55 

Ex.  1.  What  is  the  breakhig  weight  of  a  solid  round  cast-iron  piUar,  10  feet  long  and 
2  inches  in  diameter !  Here,  the  ratio  of  length  to  diameter  =  60,  and,  if  both  ends  are 
flat  and  bedded  with  extreme  care  or  otherwiBe  securely  fixed,  the  corresponding  break- 
ing weight  per  square  inch  =  3*6  tons ;  multiplying  this  by  the  sectional  area,  we  have, 

AntweTy    Breaking  weight  =  8*1416  X  8*6  =  11*8  tons, 
which  agrees  with  the  example  in  999  calculated  by  Hodgkinson's  rule. 
If  the  ends  are  jointed  or  imperfectly  fixed,  we  have. 

Answer,    BreakLog  weight  =  8*1416  X  '97  =  8*05  tons, 
and  the  working  load  should  in  general  not  exceed  one-sixth  of  this,  =  *51  tons. 

Ex.  2.  What  is  the  breaking  weight  of  a  hollow  round  cast-iron  pillar  9  feet  long,  6 
inches  external,  and  4  inches  internal,  diameter !  Here,  the  ratio  of  length  to  diameter 
3B  18,  and,  if  both  ends  are  flat  and  bedded  with  extreme  care,  the  corresponding 
breaking  weight  per  square  inch  =  20  tons ;  multiplying  this  by  the  sectional  area,  = 
15*7  square  inches,  we  have, 

Antwer,    Breaking  weight  =  15*7  X  20  =  814  tons. 
If  the  ends  are  jointed,  or  are  not  flat  bedded  with  extreme  care,  the  breakLog  weight 
per  square  inch  =  8*5  tons  and  we  have 

Afittoer,  Breaking  weight  =  15*7  X  8*5  =  188*45  tons, 
of  which  one-sixth,  =  22*24  tons,  will  be  the  safe  working  load  when  free  from  vibration, 
as  in  a  grain  store ;  if  the  pillar  supports  a  factory  floor  with  machinery  in  motion, 
one-eighth,  =  16*68  tons,  will  be  a  sufficient  load ;  but  if  the  pillar  forms  a  moving  part 
of  an  engine,  then  one-tenth,  =  13*34  tons,  or  even  less,  will  be  the  proper  working  load. 
The  reader  will  observe  that  Gordon's  rule  in  this  example  gives  results  which  agree 
tolerably  closely  with  the  2nd  example  in  393  calculated  by  Hodgkinson's  rule. 

Ex.  8.  What  is  the  breaking  weight  of  a  solid  round  cast-iron  pillar,  9  feet  long  and 
6  inches  in  diameter,  with  both  ends  solidly  imbedded  I  Here,  the  ratio  of  length  to 
diameter  =  18,  and  the  corresponding  breakLog  weight  per  square  inch  is  20  tons,  and 
we  have, 

Antwer,    Breaking  weight  =  ^'^^^^  X  6  X  6  X  20  ^  g^g.^  ^^ 
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This,  it  will  be  obBenred,  is  nearly  24  per  cent,  higher  than  the  457  tona  in  example  1, 
(39S) ;  no  doubt,  becauBe  Profesnor  Gordon's  role  applies  to  average  mixed  irons,  which 
are  in  general  stronger  than  simple  irons,  sach  as  Blaenavon. 

880.   Solid  or  bollow  rectaBipilar  cast-iron  pillars. — It 

appears  from  Mr.  Hodgkinson's  experiments  that  the  breaking 
unit-strain  of  a  long  solid  square  cast-iron  pillar  is  1'178  times 
that  of  the  inscribed  circular  pillar  of  equal  length  (880),  and, 
guided  by  this,  we  may  modify  Gordon^s  formulae  to  suit  rectangular 
pillars  by  making  r  =  the  ratio  of  length  to  least  breadth,  and 

1 


6  = 


500 


The  following  table  has  been  calculated  on  this  basis,  and  gives 
the  breaking  weight  per  square  inch  of  soHd  or  hollow  rectangular 
cast-iron  pillars  of  various  ratios  of  length  to  breadth. 

TABLE  y.^FoB  Calculatdtg  the  Sthbitoth  of  Souo  or  Hollow  Rictakoulab 

Gast-ibov  Pillabs. 


Batlo  of  length  to  )Mst  kreadtta. 

6 

10 

18 

90 

28 

80 

88 

40 

48 

60 

ib 

60 

66 

70 

76 

80 

Breaking 

weight  in 

tons  per 

■qnareinch. 

Both  ends  flat  and  bed- 
ded with  extreme  care. 

M-3 

80 

24-8 

20 

16 

12-8 

10-4 

8-6 

71 

• 

6-0 

61 

4-4 

8-8 

8-8 

2-9 

2-6 

Both  ends  jointed  or  lm< 
perfectly  fixed. 

80 

SO 

12-9 

8-6 

6-0 

44 

8-8 

2-6 

2-1 

1-7 

1*4 

1-2 

ID 

•90 

•78 

•69 

Ex.  1.  What  is  the  breakmg  weight  of  ft  solid  cast-iron  piUar,  10  feet  long  and  2 
inches  square  I  Here,  the  ratio  of  length  to  breadth  =  60,  and|  if  both  ends  are 
secorely  fixed,  the  corresponding  breaking  weight  per  square  inch  =  4*4  tons ;  multi- 
plying this  by  the  area,  we  have, 

Antwerp    Breaking  weight  =  4  X  4*4  =  17*6  tons. 

If  the  ends  are  imperfectly  fixed,  we  have, 

Ansufer,    Breakmg  weight  =  4  X  1*2  —  4*8  tons. 
Of  which,  in  general,  one-sixth,  =  -8  tons,  will  be  the  proper  working  load. 

Ex.  2.  What  is  the  breaking  weight  of  a  hollow  cast-iron  pillar,  9  feet  long,  6  inches 
square,  with  metal  one  inch  thick !  Here,  the  ratio  of  length  to  breadth  =  18,  and,  if 
both  ends  are  flat  and  bedded  with  extreme  care,  the  corresponding  breaking  weight  per 
square  inch  =  21*84  tons.    Multiplying  this  by  the  area,  =  20  square  inches,  we  have, 

Antwer,    Breaking  weight  =  20  X  21*84  =  486*8  tons. 
If  the  ends  are  not  veiy  carefully  bedded,  the  breaking  weight  per  square  inch  =  10*02 
tons,  and  we  have, 

An9war,    Breaking  weight  s  20  X  10*02  =  200*4  tons, 
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of  which  one-sixth,  =  33*4  tona,  will  be  the  safe  working  load  for  ordinaiy  warehouaes, 
when  free  from  vibration. 

For  the  safe  working  load  on  cast-iron  pillars  see  Chap.  XXVIII. 


WROUGHT-IRON  PILLARS. 


880.  liolid  wroaffht-lron  pillars. — Professor  Gordon's  for- 
mulas in  887  may  be  applied  to  solid  rectangular  wrought-iron 
pillars  by  giving  the  coefBcients  the  following  values, 

1 


a  =  16  tons 


6  = 


3000 


The  following  table  has  been  calculated  from  these  formulae,  and 
gives  the  breaking  weight  per  square  inch  of  solid  rectangular 
wrought-iron  pillars  of  various  ratios  of  length  to  least  breadth. 

TABLE  VL— Fob  CALouLATiNa  thb  STSSNaTH  of  Soud  Rectanoulab 

Wbought-ibon  Pillabs. 


Ratio  of  length  to  least  breadth. 

6 

10 

15 

20 

26 

80 

85 

40 

45 

50 

55 

60 

65 

70 

75 

80 

Breaking 

weight  in 

tons  per 

square  inch. 

Both  ends  flat  and 
bedded  with    ex- 
treme care,  - 

lA-8 

IA'6 

16- 

14-1 

18-2 

12-8 

11-8 

10-4 

9-6 

8-7 

77 

7-8 

6*6 

608 

5-6  61 

Both  ends  Jointed  or 
imperfectly  fixed, 

15-5 

141 

12-8 

10*4 

8-7 

7-8 

61 

5-1 

4-8 

87 

8-2 

276 

2-4 

2-1 

in 

17 

Ex.  1.  What  is  the  breaking  weight  of  a  solid  square  piliar  of  wronght-iron,  10 
feet  long  and  2  inches  square  ?  Here,  the  ratio  of  length  to  breadth  =  60,  and  the 
corresponding  breaking  weight  per  sqtiare  inch,  if  both  ends  are  very  securely  fixed,  = 
7 '3  tons ;  multiplying  this  by  the  sectional  area»  we  have, 

Answer,    Breaking  weight  =  4  X  7'8  =  29*2  tons. 
If  the  ends  are  jointed  or  imperfectly  fixed,  we  have, 

AmweTf  Breaking  weight  =  4  X  2'76  =  11*04  tons, 
of  which  one-fourth,  =  2*76  tons,  will  be  the  safe  working  load  if  the  pillar  be  free 
from  vibration,  but  if  liable  to  shocks  like  the  jib  of  a  crane,  one-sixth,  =  1'84  tons, 
will  be  enough.  If,  however,  the  bar  forms  a  moving  part  of  machinery,  such  as  the 
connecting  rod  of  a  steam  engine,  one-twelfth,  =  *92  tons,  will  generally  be  a  sufficient 
load. 

Ex.  2.  What  is  the  breaking  weight  of  a  rectangular  pillar  of  wrought-iron,  10  feet 
long,  and  whose  sectional  area  =4X3  inches,  with  the  ends  securely  riveted  to  a  fixed 
structure  ?     Here,  the  ratio  of  length  to  least  breadth  =  40,  and  the  corresponding 
breaking  weight  per  square  inch  =  10*4  tons ;  multiplying  this  by  the  area,  we  have, 
Anstoer,    Breaking  weight  =  4  X  3  X  10*4  =  124*8  tons. 
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Of  this,  one-fourth,  =  SI '2  tons,  will  be  snfficieiit  in  practice  for  a  stationaiy  load,  and 
that  only  when  the  ends  are  rigidly  secured. 

The  following  table,  arranged  in  a  convenient  form  by  Mr.  G. 
Berkley,  M.I.C.E.,  contains  the  results  of  experiments  on  the 
compressive  strength  of  solid  rectangular  wrought-iron  bars,  with 
their  ends  perfectly  flat  and  well-bedded,  which  were  made  under 
Mr.  Hodgkinson^s  supervision  during  the  experimental  inquiry 
respecting  the  Britannia  and  Conway  tubular  bridges.* 

TABLE  YIL— HoDOKiiraoN'B  Exfebimbntb  oh  Sold)  Rbctanoulab 

WBouoHT-noN  Pillars. 


Form  of  section. 


Length. 


Least 
tireadtb. 


Sectional 
area. 


BAtloof 
length  to 

least 
breadth. 


Breaking 
weight 


Breaking 

weight  per 

square  Inch 

of  area. 


f^SA 


IfOtS, 


f'Ota 


f099, 


I 


^0ft. 


t'98 


^iSi^i^SSSS 


a»of 


inches. 
90^ 


60-0 


80^ 


15-0 


7-5 


8-76 


120-0 


120-0 


inches. 
1-024 


1-024 


1^28 


1-028 


1^28 


1-028 


•608 


•766 


sq.  Ina. 
1-049 


1^486 


1-0476 


1-0466 


r0466 


1-0466 


1-498 


2-806 


88-0 


S8*6 


29-8 


14-6 


7-8 


8^ 


288-66 


166-6 


Ihs. 
10,286 

tODB       4-57 


18,106 
8x583 


>t 


ft 


»» 


26,680 
11-843 


86,162 
16-144 


60,946 
H    »»744 


Bore  28'M9 
tons,  s  32*6 
tons  per  sq. 
in.,  without 
fracture. 

1,222 
,.         "545 

7,798 
».      3"479 


lbs. 
9,768 
tons  4'354 


17.268 
»»      7709 

26,827 

n      "'307 

84,664 
„    15-426 

48,682 
n    *i733 


••.       ... 


M 


»» 


8,167 
•363 

8,879 
»'5 


•  Proc,  Inst,  C,  E.,  VoL  xxx. 
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TABLE  VIL — ^Hodokinbon'b  Exfkriments  oh  solid  RiOTAirouLAB 

Wbouoht-ibon  Pillabs — corUinftecL ' 


Fonn  of  section. 


Lengtli. 


Least 
breadth. 


Sectloiial 
area. 


Ratio 

of  length 

to  least 

breadth. 


Breaking 
veightb 


Breaking 
weifebtper 
square  inch 
of 


3*0 


^2 


2*B8»  a 


a-ooe 


o-o 


9 


0*'M 


g»>a    t> 


^»fi»K>i5i 


^%t 

A>Of 

^^8 

S*B9 

^^^ 

^jS^KS^t 


d'O 


inches. 
120-0 


120-0 

90-0 

90-0 

90-0 

90-0 

60-0 

60-0 

60-0 

60-0 

60-0 

80-0 

»0'0 
80-0 


inches. 
•995 


1-51 


•6023 


•9951 


1-53 


•995 


•50«r 


•507 


•767 


•995 


•996 


•763 


•996 


sq.  ina. 
2-975 


4-53 


1-498 


2-9915 


4-59 


6-8307 


1-511 


1^498 


2^309 


2^995 


5-8166 


5026      1-5011 


2-297 


2-988 


120-0 


80-0 


179-0 


90-0 


59-0 


90-0 


1180 


119-28 


78-0 


60-0 


60-0 


60-0 


39-0 


30-0 


12,735 
tons  5-685 


46,050 
20-558 


}» 


»f 


3,614 
1-613 


29,619 


91,746 
40-958 


If 


n 


i» 


it 


54,114 
24*158 


8,469 
378 


8,496 
3*79* 


29.955 
..    i3'37* 


54,114 
„    24-158 


102,946 
f»    45958 

25,299 
»>     "•»94 

63,786 
„     28-476 

88,610 
n     39*558 


Ito. 
4,280 
tons    1*91 


10,165 
4537 


»t 


»9 


2,410 
1*076 

! 

9,912  I 
4"4»5 


19,^87 
r.       «*9»3 

9,280 
M      4*143 

5,604 

5,653 
..      »'5»3 

12,969 
M      5*79 


18,067 
8-o66 


»• 


ft 


17,698 
7-901 

16,858 
7*5H 


27,767 
,»    x»*396 

29.655 
»    i3"»39 
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I  have  made  the  following  abstract  from  the  foregoing  experi- 
ments in  order  to  show  how  closely  they  corroborate  Gordon's 
formulas  when  applied  to  solid  rectangular  wrought-iron  pillars. 

TABLE  vnL — Table  dibived  fbok  Hodounson's  Exfebimbmts  oir  Soud 
Bectahoulab  Wbouoht-ibon  Pillabs  oabefullt  bedded. 


Proportion  of  length  to  lOMt  breadth,    . 

7 

1& 

80 

40 

60 

80 

90 

ISO 

160 

180 

Breaking  weight  per  eqnare  Inch  In  tone, 

23 

16 

13 

10 

7fi 

6 

4-8 

3-2 

1-6 

1 

The  breaking  unit-strain  of  solid  round  wrought-iron  pillars  is 
probably  from  15  to  20  per  cent,  less  than  those  given  in  Table  VI. 
for  rectangular  pillars. 

Ml.  Solid  wroQirht-lron  pillars  strongper  than  cast-iron 
pillars  when  the  length  excseeds  15  diameters. — Comparing 
Tables  V.  and  VI.  which  represent  the  relative  strengths  of  solid 
rectangular  cast  and  wrought-iron  pillars,  we  find  that  a  cast-iron 
pillar  with  round  ends  is  stronger  than  one  of  wrought-iron  when 
the  length  is  under  15  diameters,  but  above  that  ratio,  wrought-iron 
is  the  stronger  of  the  two,  thus  corroborating  the  theoretic  result 
previously  arrived  at  in  807. 

889.    Plliars  of  anylej  tee^  ehaanel  and  eracifbrm  iron. — 
Mr.  Unwin  has  deduced  from  experiments  made  by  Mr.  Davies  of 
the  Crumlin  Works  the  following  values  for  the  coefBcients  of 
Gordon^s  formulas  in  887,  when  applied  to  pillars  of  angle,  tee, 
channel  and  cruciform  wrought-iron.* 

1 


a  =  19  tons. 


6  = 


900 


In  each  of  these  sections  the  least  diameter  for  calculation  is  to  be 
measured  in  that  direction  in  which  the  pillar  is  most  flexible.  This 
may  be  found  by  taking  the  shortest  diameter  of  a  rectangle  or 
triangle  circumscribed  about  the  section.  The  following  tables 
exhibit  the  results  of  Mr.  Davies'  experiments  reduced  to  a  con- 
venient form  by  Mr.  Berkley  .f 


t   *  Iron  Bridget  amd  Roofs,  p.  50. 
t  Proc.  Imt.  C.  E.,  Vol.  xxx. 
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M8«  Resliitaiiee  of  longr  plates  to  flexure. — An  isolated 
plate  under  compression  may  be  regarded  as  a  wide  rectangular 
pillar,  or  as  a  number  of  square  pillars  placed  side  by  side,  and  it 
will  therefore  follow  the  laws  of  pillars  so  far  as  deflection  at  right 
angles  to  its  plane  is  concerned.  Hence,  the  ultimate  resistance 
of  long  unsupported  plates  to  flexure  is  theoretically  as  the  cube 
of  the  thickness  multiplied  by  the  breadth  and  inversely  as  the 
square  of  the  length.  Mr.  Hodgkinson  found  that  this  closely 
agreed  with  his  experiments  on  plates  whose  length  exceeded  60 
times  their  thickness,  and  which  were  so  long  that  they  fidled  by 
flexure  with  stnuns  not  exceeding  9  tons  per  square  inch  (see 
Table  VII.).*  If,  however,  the  plates  form  the  sides  of  a  tube, 
this  rule  does  not  apply,  since  in  that  case  they  yield  by  buckling 
or  wrinkling  of  a  short  length  and  not  by  flexure,  being  held  in 
the  line  of  thrust  by  the  adjacent  sides  which  enable  them  to  bear 
a  greater  unit-strain  than  if  not  so  supported  along  their  edges. 

U4.  Utrenirtli  of  reetanfpilar  irroaipht-iroB  tabular  pil- 
lars to  Independent  of  their  lennrtb  within  eertain  limits. — 

When  the  length  of  a  rectangular  wrought-iron  tubular  pUlar  does 
not  exceed  30  times  its  least  breadth,  it  fuls  by  the  bulging  or 
buckling  of  a  short  portion  of  the  plates,  not  by  flexure  of  the 
pillar  as  a  whole,  and  within  this  limit  the  strength  of  the  tube 
seems  nearly  independent  of  its  length.  It  is  quite  possible  that 
the  ratio  of  length  to  breadth  of  rectangular  wrought-iron  tubes 
might  be  considerably  greater  than  30  without  very  materially 
aflecting  their  strength,  but  the  recorded  experiments  do  not 
extend  sufficiently  far  to  determine  this  point. 

885.  Cmshlnir  nnlt-straln  of  wroagrht-lron  tabes  depends 
npon  the  ratio  between  the  thiekness  of  the  plate  and  the 
diameter  or  breadth  of  the  tnbe — (iafe  wortJngHitraIn  of 
reetanynlar  wroagrht-lron  tabes. — The  crushing  unit-strain  of 
a  wrought-iron  tubular  pillar  is  generally  greater  the  thicker  the 
plates  are  in  proportion  to  the  diameter  or  breadth  of  the  tube, 
and  in  most  of  the  experimental  rectangular  tubes  which  sustained 
a  compression  of  10  tons  per  square  inch  or  upwards  the  thickness 

*  Com»  Sip^  p.  119. 
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of  the  plate  was  not  less  than  one-thirtieth  of  the  breadth  of  the 
tube.  In  the  last  experiment  recorded  in  Table  XII.,  a  square 
tube,  8  feet  long,  18  inches  in  breadth,  and  made  of  ^-inch  plates 
united  by  angle-irons  in  the  comers,  sustained  a  compressive  strain 
of  13'6  tons  per  square  inch.  Unfortunately  there  were  no  further 
experiments  made  on  tubes  thus  strengthened  at  the  angles.  From 
this  and  other  experiments,  but  especially  from  one  made  during 
the  construction  of  the  Boyne  Viaduct  to  test  the  strength  of  a 
braced  pillar,  and  which  is  described  in  the  appendix  at  the  end 
of  this  volume,  I  infer  that  the  strongest  form  of  rectangular  cell 
to  resist  buckling  is  one  in  whose  angles  the  chief  part  of  the 
material  is  concentrated,  making  the  sides  of  plating  or  lattice 
work  to  withstand  flexure  of  the  angles,  in  which  case  the  sides 
act  the  part  of  the  web,  and  the  angles  act  as  the  flanges  of  a 
girder. 

From  what  has  been  said  we  may  conclude  that  a  rectangular 
plate-hron  tubular  pillar,  whose  length  does  not  exceed  30  times  its 
least  breadth  and  whose  greatest  breadth  does  not  exceed  30  times* 
the  thickness  of  the  plates,  will  sustain  a  breaking  weight  of  not 
less  than  12  tons  per  square  inch,  especially  if  the  corners  are 
strengthened  by  stout  angle-iron.  When  the  ends  of  such  pillars 
are  properly  fixed,  as  dn  the  compression  flange  of  a  girder, 
experience  sanctions  a  working-strain  of  4  tons  per  square  inch  in 
ordinary  girder-work,  and  3  tons  in  crane-work  where  shocks  may 
be  expected. 

I  have  deduced  the  foregoing  conclusions  respecting  tubular 
pillars  chiefly  from  experiments  conducted  under  Mr.  Hodgkinson*s 
supervision  during  the  experimental  inquiry  respecting  the  Con- 
way and  Britannia  tubular  bridges.  The  following  tables  exhibit 
the  results  of  these  experiments  reduced  to  a  convenient  form  by 
Mr.  G.  Berkley,*  and  the  reader  can  judge  for  himself  how  far 
the  experiments  warrant  the  foregoing  conclusions. 

•  Proc.  Imt.  C.  J?n  Vol.  xxx. 
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BTEEL  PILLAB8. 

SSe.  SoUd  Steel  Pillars.— Mr.  B.  Baker  gives  the  following 
valnes  for  the  co-efficients  in  Gordon's  formulae  in  St7,  when 
applied  to  solid  steel  pillars.* 

Solid    (  ^^^  Steel    . 

round  -< 

pillars.  (  Strong  Steel . 

Solid      r  Mild  Steel    . 
rectangular -< 
pillars.     (  Strong  Steel . . .    . ^^^ 

Ex.  1.  What  is  the  breakmg  weight  of  a  mfld  ca8t«teel  pillar,  10  feet  long  and  2 
inchee  in  diameter,  securely  fixed  at  both  ends !  Here,  the  ratio  of  length  to  diameter 
=  60,  and  we  have,  from  eq.  287,  the  inch-strain, 

SO 

^^^  ■  eoxeo^^'^^"'^ 

^■*"     1400 
multiplying  this  by  the  sectionai  area,  we  have, 

ATtstper^    Breaking  weight  =  8*1416  X  8*4  =  26*89  tons. 

If  the  pillar  is  jointed  at  the  ends,  we  have  from  eq.  288, 

80 
>'=— lxWxlO  =  2-«58tons; 

^  "*■        1400 
mtdtiplying  this  by  the  area  as  before^  we  have^ 

Answer,    Breaking  weight  =  81416  X  2*658  =s  8*85  tons, 

of  which  one-fourth,  =  2*09  tons,  will  be  a  sufficient  load  when  the  pillar  is  free  from 

vibration  or  shocks. 

Ex.  2.  What  is  the  breaking  weight  of  a  mild  cast-steel  pillar,  10  feet  long  and  2 

inches  sqoare,  securely  fixed  at  both  ends !    Here,  the  ratio  of  length  to  breadth  =  60, 

and  we  have,  from  eq.  287,  the  inch-strain, 

>'=rrWx^  =  12*245  tons; 

1  "*■     2480 
malt^>lying  this  by  the  sectional  area,  we  have, 

Antwr,    Breaking  woght  =  4  X  12*245  =  49  tons  neariy. 

If  the  pillar  is  jointed  at  the  ends,  we  have  from  eq.  238, 

80 
f'^         60X60  =  ^'^Q^*^'"> 
I"*"     620 
multiplying  this  by  the  area  as  before,  we  have, 

Arutoer,    Breaking  weight  »  4  X  4*405  =  17*62  tons, 
of  which  one-fourth,  =s  4*405  tons,  will  be  a  sufficient  load  for  pillars  free  from  shocks. 

*  Strength  of  Beams,  pp.  207,  209. 


•Wi— i"^^^^l^*5w-*«"^«»»««r^ 
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TIMBEB  PILLAB8. 

S87.  Square  Is  the  stronvest  fbrm  of  reetonipiilar  tlmlier 
pillar — ^Hodifkiiison'0   rules  for   solid   rectenyular  tfanlier 

pillars. — It  appears  from  Hodgkinson's  experiments  that  the 
strength  of  long  round  or  square  timber  pillars  b  nearly  as  the  fourth 
power  of  the  diameter  or  side  divided  by  the  square  of  the  length. 
Also,  '^  of  rectangular  pillars  of  timber  it  was  proved  experimentally 
that  the  pillar  of  greatest  strength,  where  the  length  and  quantity  of 
material  are  the  same,  is  a  square."* 

Hodgkinson  gives  the  following  rules  for  the  strength  of  timber 
pillars  with  both  ends  flat  and  well  bedded  and  whose  lengths 
exceed  30  diameters.f 

Let  W  =  the  breaking  weight  in  tons, 
/  =  the  length  of  the  pillar  in  feet, 
d  =  the  breadth  in  inches. 
Long  square  pillars  of  Dantzic  oak  (dry). — 

W  =  10-95  ^  (239) 

Long  square  pillars  of  Bed  deal  (dry). — 

W  =  7-8  ^  (240) 

Long  square  pillars  of  French  oak  (dry)4 — 

W  =  6-9  ^  (241) 

When  timber  pillars  are  less  than  30  diameters  in  length,  they 
come  under  the  class  of  medium  pillars,  and  their  strength  may  be 
calculated  by  eq.  236,  the  value  of  W  being  computed  by  one  of 
the  equations  just  given.  To  find  the  strength  of  a  rectangular 
piUar,  find  as  above  the  breaking  weight  of  a  square  pillar  whose 
side  is  equal  to  the  short  side  of  the  rectangle;  this  multiplied  by 
the  ratio  of  the  long  to  the  short  side  will  give  the  breaking  weight 
of  the  rectangular  pillar. 

Ex.  1.  What  is  the  breakiiig  weight  of  a  pillar  of  white  deal,  9  feet  long,  11  inches 
wide  and  8  inches  thick !    Looking  at  the  table  in  SOO,  we  find  that  the  crushing 

*  Esep,  JUi.,  p.  351. 
t  Phtl.  Trant,,  1840,  pp.  425,  426. 

t  The  crashing  strength  of  French  oak,  according  to  Bondelet,  =  6,886  tts.  per 
square  inch.— PAiZ.  Tram,,  1840,  p.  427. 


CHAP.  XT.]  PILLASS.  281 

strength  of  white  deal  is  about  1*2  times  that  of  red  deal,  from  which  we  may  conolude 
that  the  strength  of  a  long  sqoiaze  pillar  of  white  deal,  deriTed  from  eq.  240,  is  as 
follows : — 

W  =  1-2  X  7-8  1 

From  this,  the  breaking  weight  of  a  pillar  9  feet  long  and  8  inches  square  = 
1*2  X  7'8  ^  =  9*86  tons,  and  we  have  for  a  pillar  11  inches  wide» 

Aimoer,    Breaking  weight  =:  lii^^  =  84*82  tons. 

8 

84*82 

If  the  pillar  be  not  veiy  seoorely  fixed  at  the  ends^  its  breaking  weight  will  =  = 

o 

11*44  tons  (Sll),  of  which  {th,  =  2*86  tons,  will  be  a  sufficient  working  load  for 
temporary  puix>oees;  and  \^  s  1*48  tons,  for  permanent  use  where  protected  from 
the  weather. 

Ex.  2.  Whatisthebreakingweightof  astrutof  reddeal,  26  feet  long  and  18  inches 
square  f  If  the  strut  were  long  enough  to  give  way  chiefly  by  flexure  (over  80  diameters 
in  length),  its  breaking  weight,  from  eq.  240,  would  be 

W  =  7-8  ^  =  829-5  tons, 

and  if  the  strut  were  short  enough  (under  10  to  15  diameters  in  length),  to  give  way  by 
crashing  alone^  its  breaking  weight  would  equal  its  sectional  area  multiplied  by  the 
tabulated  crushing  strength  of  red  deal  in  the  table  in  SCO,  that  is, 

2240 
As  the  strut  is  a  medium'tiged  pillar,  we  have  the  true  breaking  weight,  from  eq.  286, 

Jn^,    W'=      W«^M^X_m^ 218.8 1„ 

W  +  I  c      829-6  +  825*5 
that  is,  proYided  the  ends  are  very  carefully  bedded ;  but  if  they  are  liable  to  rough 

adjustment,  as  in  the  cross  struts  of  a  cofferdam,  from  which  this  example  has  been 

taken,  the  breakix]g  weight  will  probably  be  about  ^  the  above,  =  109  tons  (SIS),  and 

the  safe  working  load  for  this  kind  of  temporary  work  will  be  one-fourth  of  this  again, 

=  27*25  tons. 

838.  Rondelet's  and  Brereton's  rales  fbr  timber  pillars. — 

Bondelet  deduced  the  following  rule  from  his  experiments  on  the 
compression  of  oak  and  fir.*  Taking  the  force  which  would  crush 
a  cube  as  unity,  the  force  requisite  to  break  a  timber  pillar  with 
fixed  ends  whose  height  is — 

12  times  the  thickness,  will  be        -        -        | 

^^  >»  «t  «  *        "        i 

36 


48 
60 
72 


-  -        i 

-  -        i 

*  Navier ;  AppUeaiian  de  la  Micanigue,  p.  200. 
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Bondelet  also  found  that  timber  pillars  do  not  begin  to  yield  by 
flexure  until  their  length  is  about  ten  times  their  least  lateral 
dimensions.  This  rule  is  easily  applied,  as  illustrated  by  the 
Mowing  examples:— 

Ex.  1.  What  IB  the  fareakiiig  wdlght  by  Bondelet's  rule  of  a  white  deal  pQlar,  9  feet 
long,  H  inchee  wide,  and  8  inches  thick,  with  the  ends  veiy  carefully  secured !  From 
the  table  in  900  the  crushing  strength  of  white  deal  =  6781  lbs.  per  square  inch,  and 
the  crushing  strength  of  a  very  short  length  of  the  pillar  is  therefore  ^  X  3  X  6781,  = 
228,773  lbs.  As  the  length  of  the  plank  is  36  times  its  least  width,  we  have  according 
to  Rondelet*s  rule, 

Answer,    Breaking  weight  =  ??^^  =  74^591  lbs.  =  33-3  tons, 
which  differs  but  slightly  from  its  strength  calculated  by  Hodgkinson's  rule  in  ex.  1, 


Ex.  2.  What  is  the  breaking  weight  of  a  red  deal  strut  26  feet  long  and  18  inches 
square,  with  both  ends  securely  fixed  ?  In  ex.  2,  S39,  we  found  that  the  breaking 
weight  of  a  short  length  of  the  strut  was  iZi  tons,  and  as  the  real  length  =  24  diameters, 
Ronddet*s  coefficient  is  i  ;  consequently  we  have, 

Afuwetf    Breaking  weight  -=  — -  =  217  tons, 

which  is  almost  identical  with  the  strength  calculated  by  Hodgkinson*s  rule  in  the 
example  referred  to. 

Mr.  B.  p.  Brereton  states  that  "  in  experiments  made  with  large 
timbers,  with  lengths  of  from  ten  to  forty  times  the  thickness,  he 
had  found  that  timber  12  inches  square  and  10  feet  long  bore  a 
weight  of  120  tons;  when  20  feet  long  it  bore  115  tons;  when  30 
feet  long  90  tons;  and  when  40  feet  long  it  carried  80  tons."* 

Plotting  the  curve  of  Mr.  Brereton*s  experiments  we  get  the 
following: — 

TABLE  XIV.— Fob  CALOTJLATnro  thb  btbbvoth  of  Beotavoulab  Pillabs  of 

Fnt  OB  PnrE  I^ihbsb. 


Ratio  of  length  to  least  breadth 

10 

15 

20 

25 

80 

85 

40 

45 

50 

Breaking  weight   in   tons   per 
square  foot  of  section,     • 

120 

lis 

115 

100 

90 

84 

80 

77 

75 

This  is  probably  the  most  useful  rule  yet  published  for  the 
strength  of  large  pillars  of  sofk  foreign  timber  with  their  ends 

•  Proc.  IntL  C.  E.,  VoL  xadac,  p.  66. 


CHAP.  XV.]  PILLABS.  283 

adjusted  in  the  ordinary  manner,  that  is,  without  any  special 
precautions. 

Ex.  1.  What  is  the  brealdiig  weight  of  a  red  deal  strat,  26  feet  long  and  18  inches 
square  !  Here,  the  ratio  of  length  to  side  is  24,  and  the  breaking  weight  in  the  table 
for  this  ratio  is  103  tons  per  square  foot ;  consequently,  for  18  inches  square, 

Answer,  Breaking  weight  =  ^^  ^^^  ^^^^  =  121  tons,  nearly. 

This  answer,  it  will  be  observed,  approximates  veiy  closely  to  the  109  tons  obtained  by 
Hodgkinson's  rule  in  ex.  2,  999. 

Ex.  2.  A  pillar  of  ordinary  memel  timber,  20  feet  long  and  18  inches  square, 
was  broken  in  a  proving  machine  with  136  tons.  What  is  its  breaking  weight 
computed  by  the  foregoing  rule!  Here,  the  ratio  of  length  to  side  is  18*5,  and  the 
corresponding  breaking  weight  from  the  table  =  116  tons  per  square  foot 

Answer,   Computed  breaking  weight  =  l^-^^^^i^  =  136  tons. 

12  X  1« 

STONE  PILLABS. 

SS9.  Infloenee  of  the  heli^ht  and  namber  of  eourses  In 
stone  eolnnins. — ^From  Rondelet^s  experiments  it  would  appear 
that  when  three  cubes  of  stone  are  placed  on  top  of  each  other, 
their  crushing  strength  is  little  more  than  half  the  strength  of  a 
single  cube.*  Vicat,  however,  attributes  this  result  to  imperfect 
levelling  and  the  absence  of  mortar  or  cement  in  the  joints,  and 
he  found  from  experiments  on  plaster  prisms  carefully  bedded, 
that  the  strength  of  a  monolithic  prism,  whose  height  is  A,  being 
represented  bj  unity,  we  have  the  strength  of  prisms: — 

Of  2  courses  and  of  the  height  h  =  0*930 
Of  4  „  „  2A  =  0-861 

Of  8  „  „         4A  =  0-834 

even  without  the  interposition  of  mortar.  He  concludes  that  the 
division  of  a  column  into  courses,  each  of  which  is  a  monolith,  with 
carefully  dressed  joints  and  properly  bedded  in  mortar,  does  not 
sensibly  diminish  its  resistance  to  crushing;  but  he  intimates  that 
this  does  not  hold  good  when  the  courses  are  divided  by  vertical 
joints.t 

S40.  CnMhiny  streni^h  of  RoOers  and  Spheres. — ^From 
M.  Vicat's  experiments  it  appears  that  the  strength  of  cylinders 
employed  as  rollers  between  two  horizontal  planes  is  proportional 

•  Morin,  p.  72.  t  Idem,  p.  76. 
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to  the  product  of  their  axis  by  the  diameter,  and  that  the  strength 
of  spheres  to  resist  crushing  ia  proportional  to  the  square  of  their 
diameter.  If  the  strength  of  a  cube  be  represented  by  unity,  that 
of  the  inscribed  cylinder  standing  on  its  base  will  be  0*80;  that  of 
the  same  cylinder  on  its  aide  will  be  0*32 ;  and  that  of  the  inscribed 
sphere  will  be  0-26.* 

BBACED  PILLABS. 

S41.  Internal  Bracings — Example. — One  of  the  chief  practical 
difficulties  which  occur  in  bridges  of  large  span  is  the  combination 
of  lightness  with  sttfiness  in  long  struts,  such  as  the  compression 
bars  of  the  web.  The  internal  bracing  represented  in  Fig.  102  is 
a  modificaUon  of  the  bracing  so  familiar  in  scaffolding.  It  is  now 
in  common  use  for  the  compres^on  bars  of  latdce  girders,  and  the 
bracing  of  iron  piers,  and  as  it  unites  the  requisite  qualities  of 
strength  and  lightness  in  an  eminent  degree,  it  is  worth  devoting 
some  space  to  investigating  the  nature  of  the  strains  in  this  form 
of  pillar. 

The  diagram  represents  the  cross  section  and  ude  elevation  of  a 

Pig'.  102. 


lattice  tubular  girder  of  simple  construcUon.  The  tension  diagonals 
(marked  T,)  intersect  the  compression  diagonals  (marked  C)  at 
moderate  intervals,  and  keep  them  from  deflecting,  especially  in 
the  plane  of  the  girder.  It  is  obvious,  however,  that  long  coro- 
presuon  bars,  even  though  formed  of  angle  or  tee  iron,  have  but 
little  stiffnesa  in  themselves,  and  we  cannot  trust  to  the  tension  bars 

*  Morin,  pp.  75,  82. 
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keei»tig  them  in  the  line  of  thrust  &t  right  ftngles  to  the  plane  of 
the  girder,  for  the  tension  bars  ma^  not  always  be  in  a  BufEcuent 
state  of  strain  (lAt).  Hence,  it  is  desirable,  at  least  in  long  pillaia, 
to  connect  each  pair  of  compresuon  bars  by  internal  oroes-braciog, 
as  shown  in  the  section.  The  struns  to  which  a  braced  pillar  is 
subject  may  be  investigated  in  the  following  manner,  which,  though 
rude,  is  yet  8u£B(uently  approximate  for  practical  purposes: — 

Let  Fig.  103  represent  a  pillar  which  has  become  deflected,  dther 
from  the  weight  resting  more  on  one  side  than  on  the  other,  or 
from  defective  construction,  or  from  accidrat. 

Fig.  103.  ]jet  VV  =  the  weight  resting  on  one 

side, 

D  =  ab  =  the  lateral  deflection 

in  the  interval  of  two  bays, 

/  =  Wa  =  oc  =  the  length  of 

one  bay, 
R  =  the  radius  of  curvature  of 

the  deflected  pilhu-, 
P  =  the  resultant  of  the  strains 
in   Wa  and  ac,   i.e.,   the 
nearly     horizontal    pres- 
sure produced  on  the  two 
braces  intersecting  at  a,  is 
consequence  of  the  weight 
being  transmitted  through 
a  curved  pillar. 
At  the  apex,  a,  three  tbrces  balance,  viz.,  the  neariy  vertical  pres- 
sures (each  =  W,)  in  the  two  adjacent  bays,  and  their  resultant  P. 

Hence,  we  have  P  =  ^^;  but  D  =  ^R'  ^^'^*°"' 

P  =  ^  (242) 

The  pillar  may  therefore  be  regarded  as  a  girder,  each  of  whose 
flanges  is  subject  to  a  lonptudinal  pressure  equal  to  W,  in  addition 
to  having  a  weight  P  resting  on  each  apex.  Hence,  the  strains  in 
the  bracing  may  be  found  by  the  methods  ahready  explained  in 
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Chapters  Y.  and  YI.  If  the  pillar  have  a  tendency  to  assume  an 
S  form,  the  strains  developed  in  the  internal  bracing  in  one  loop  of 
the  curve  may,  to  some  extent,  neutralize  those  produced  in  the 
other.  If,  however,  the  pressure  on  one  side  exceed  that  on  the 
other  by  any  known  or  assumed  quantity,  then  their  difference  of 
length,  and  the  corresponding  deflection,  may  be  obtained  as 
explained  in  the  chapter  on  deflection,  but  in  practice,  errors  of 
workmanship  will  almost  always  exceed  the  amount  of  deflection 
produced  by  a  difference  of  pressure  and  experience  must  dictate 
the  requisite  allowance.  Let,  for  example,  a  pillar  with  internal 
bracing,  composed  of  two  systems  of  right-angled  triangles,  similar 
to  that  represented  in  Fig.  102,  be  30  feet  long  and  two  feet  wide, 
and  let  each  bay  be  2  feet  in  length,  in  which  case  there  will  be  15 
bays  in  each  side,  and  let  the  total  load  on  the  pillar  =  40  tons,  or 
20  tons  on  a  side.  Now,  suppose  that  the  maximum  error  of 
workmanship  amounts  to  half  an  inch  of  lateral  deflection  in  the 
centre  of  the  pillar,  in  which  case  R  will  equal  2,700  feet,  then 
the  pressure  P,  produced  at  each  apex  by  a  vertical  pressure  of  20 
tons  on  each  side  of  the  pillar,  is  as  follows: — 

As  there  are  14  apices  in  each  system  of  bracing,  t.^.,  7  on  each 

side,  the  strain  in  each  of  the  end  braces  = ^ 

=  328-6  lbs.  (eq.  120).  We  thus  see  that  the  strain  in  the 
internal  bracing  is  comparatively  triflingi  and  that  the  difficulty  of 
providing  against  flexure  in  long  compression  braces  is  not  so 
formidable  as  might  have  been  supposed.  It  will  be  observed  that 
the  internal  bracing  develops  lon^tudinal  strains  in  the  side  bars 
at  each  apex.  These  increments  are,  however,  insignificant  com- 
pared with  the  pressure  due  to  the  weight. 

84t.  Bach  toy  of  a  braced  pillar  resembles  a  pillar  with 
roaaded  ends — Compression  llani;es  of  girders  resemble 
braced  pillars. — In  braced  pillars  the  side  bars  must  be  made  stiff 
enough  to  resist  flexure  for  the  length  of  one  bay  between  the  apices 
of  the  internal  bradng.    Each  bay  cannot,  however,  be  regarded  as 
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a  pillar  of  this  length  firmly  fixed  at  the  ends,  but  rather  as  one 
with  rounded  ends,  since  it  might  assume  a  waved  form  like  the 
letter  S,  consecutive  bays  deflecting  in  opposite  directions.  This 
'^remark  also  applies  to  the  compression  flanges  of  girders.  The 
vertical  webs  preserve  them  from  deflecting  in  a  vertical  plane;  the 
cross-bracing  between  the  flanges  performs  the  same  service  in  a 
horizontal  plane,  and  the  compression  diagonals,  especially  if  they 
are  braced  pillars,  also  convey  a  large  share  of  rigidity  from  the 
tension  flanges  and  roadway  to  the  compression  flanges.  The 
failure  of  the  latter,  therefore,  as  far  as  flexure  is  concerned,  is  thus 
generally  confined  to  the  short  length  of  one  bay. 

S4d.  StreDffth  of  braced  pillars  to  Independent  of  lenfrth 
within  certain  Unilts — ^Worklnir  strain. — ^From  Hodgkinson*s 
experiments  on  plate-iron  tubular  pillars,  it  seems  highly  probable 
that  the  strength  of  braced  pillars  is  also  within  considerable  limits 
independent  of  their  length,  for  internal  bracing  will  generally  be 
made  somewhat  stronger  than  theory  alone  might  require  (d84). 

In  my  own  practice  I  adopt  4  tons  per  square  inch  of  gross 
section  (excluding,  of  course,  the  cross  bracing,)  for  the  working- 
strain  of  wrought-iron  braced  pillars  in  ordinary  girder-work.  In 
crane-work,  where  shocks  may  occur,  3  tons  per  square  inch  is 
enough.  In  both  cases  the  ends  of  the  pillar  are  supposed  to  be 
firmly  fixed  by  construction. 


CHAPTER   XVI. 


TENSILE  STRENGTH  OF  MATEBIALS. 


d44.  Mature  of  tensile  strain. — The  tendency  of  tensile  strain 
is  to  draw  the  material  into  a  straight  line  between  the  points  of 
attachment,  and,  unless  its  shape  alters  very  suddenly  or  the  mode 
of  attachment  is  defective,  so  as  to  produce  indirect  strain,  each 
transverse  section  will  sustain  a  uniform  unit-strain  throughout  its 
whole  area;  eq.  1  is,  therefore,  applicable  to  ties  without  any  other 
practical  correction  than  this,  that  if  the  material  be  pierced  with 
holes,  such  as  rivet  or  bolt  holes  in  iron,  or  knots  in  timber,  the 
effective  area  for  tension  in  any  transverse  section  is  not  the  gross, 
but  the  net  area  which  remains  after  deducting  the  aggregate  area 
of  all  the  holes  or  imperfections  which  occur  in  that  particular 
transverse  section. 

CAST-IBON. 

<45.  Tensile  streniptli. — The  following  table  contains  the 
results  of  Mr.  Hodgkinson^s  experiments  on  the  tensile  strength 
of  various  kinds  of  British  cast-iron.*  Those  samples  whose 
specific  gravity  are  given  are  the  same  irons  as  those  whose 
crushing  strengths  have  been  already  stated  in  Table  I.,  894. 

TABLE  L— Tbnbilb  Stbehgth  ov  Cabt-ibon. 


Description  of  iron. 

Specific 
gravity. 

Tearing  weight 

per  square  Inch 

of  section. 

Cftnron  iron  (Sootland),  No.  2,  hot-blast,    - 

Ditto,             do.,     cold-blast,  .... 

Ditto,            No.  8,  hot-blast,    .... 

Ditto,             do.,      cold-blast,  .... 
Devon  iron  (Scotland),  No.  8,  hot-blast,     .        .        -        . 

1 
1 

lbs.         tons. 
18,505=  6-08 

16,688=  7-45 

17,765=  7-98 

14,200=  6-85 

21,907=  9-78 

*  Experimental  Jtesearche$  on  the  Strength  and  other  Propertiet  qf  Coat-Iron,  by 
Eaton  Hodgkinson,  p.  810.  Also,  Report  of  the  Commiseionere  appointed  to  inquire 
into  the  application  of  Iron  to  Railway  Structures^  1849,  p.  9. 
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TABLE  I.— TiNSiLB  Stbknoth  of  Gast-ibok — carUinued, 


Deicription  of  iron. 


Specific 
graTity. 


Tearing  weight 

per  aqoare  inch 

of  section. 


Bnffery  iron  (near  Binningham),  No.  1,  hot-blast. 
Ditto,  do.,      cold-blast, 

Coed-Talon  iron  (North  Wales),  No.  2,  hot-Uast, 
Ditto,  do.,      cold-blast. 

Low  Moor  iron  (Yorkshire),  No.  8, 
Mixture  of  iron. 
Low  Moor  iron.  No.  1, 

Ditto,        No.  2,      • 
Clyde  iron  (Scotland),  No.  1, 
Ditto,  No.  2, 

Ditto,  No.  8, 

Blaenayon  iron  (South  Wales),  No.  1, 

Ditto,  No.  2,  first  sample, 

Ditto,  No.  2,  seooud  sample, 

Cnlder  Iron  (Lanarkshire),  No.  1, 
Coltness  iron  (Edinburgh),  No.  8, 
Brymbo  iron  (North  Wales),  No.  1, 
Ditto,  No.  3, 

Bowling  iron  (Yorkshire),  No.  2, 
Ystalyfera  Anthracite  iron  (South  Wales),  No.  2, 
Yniscedwyn  Anthracite  (South  Wales),  No.  1,  - 
Yniscedwyn  Anthracite,  No.  2,         •        -        • 


7-074 
7048 
7-061 
7-093 
7-101 
7-042 
7118 
7-061 
7-026 
7-024 
7-071 
7-037 
6-989 
7-119 
7-084 
7-018 


lbs. 

18,484: 
17,466: 
16,676: 
18,866: 
14,686: 
16,642: 
12,694: 
16,468: 

16,126: 

17,807= 
23,468: 
18,988: 
16,724: 

14,291: 

18,786= 
16.278: 
14,426^ 
16,608: 

18,611: 
14,611: 

18,962: 
18,848: 


tons. 
600 

r  7-80 

7-46 

:  8-40 

:  6-60 

:  7-39 

:  6-.667 

:  6-901 

:  7-198 

r  7-949 

:10-477 

'.  6-222 

:  7-466 

:  6-380 

'•  6-131 

■•  6*820 

r  6-440 

:  6-928 

:  6082 

6-478 

:  6-228 

6-969 


Mean  of  the  foregoing  27  irons. 


16,679:=  7-00 


Mr.  Merries  Stirling's  iron,  denominated  2nd  quality,* 
Mr.  Morries  Stirling's  iron,  deoominated  8rd  qoality,t 


7-165 
7108 


26,764=11-602 
28,461=10-474 


*  Composed  of  Calder,  No.  1,  hot  blast,  mixed  and  melted  with  about  20  per  cent, 
of  malleable  iron  scrap. 

t  Composed  of  No.  1,  hot-blast,  Staffordshire  iron,  from  Ley's  works,  nuxed  and 
melted  with  about  16  per  cent,  of  common  malleable  iron  scrap. 

U 
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From  these  experiments  it  appears  that  the  average  tensile 
strength  of  simple  British  irons  is  7  tons  per  square  inch.  The 
strength  of  mixed  irons,  however,  ofi:en  reaches  9  or  10  tons,  while 
that  of  some  American  cast-iron  is  nearly  double  of  this. 

846.  C^old-Uast  rather  stronir^r  tban  hot-Mast  Iron — 
nixtores  stronirer  than  simple  Irons. — On  comparing  the 
tenacity  of  hot  and  cold-blast  iron  in  the  first  part  of  the  foregoing 
table,  it  will  be  observed  that,  with  one  exception,  the  cold-blast 
irons  are  rather  stronger  than  the  hot-blast  irons  of  the  same  make. 
This  is  confirmed  by  experiments  made  in  the  United  States,  where, 
since  1840,  hot-blast  iron  has  been  condemned  for  ordnance  pur- 
poses.* The  following  are  the  conclusions  which  the  late  Mr. 
Bobert  Stephenson  deduced  from  a  series  of  experiments  on  the 
transverse  strength  of  cast-iron  bars,  made  preparatory  tb  the  com- 
mencement of  the  high  level  bridge  at  Newcastle. 

1.  Hot-blast  is  less  certun  in  its  results  than  cold-blast. 

2.  Mixtures  of  cold-blast  are  more  uniform  than  those  of  hot- 
blast. 

3.  Mixtures  of  hot  and  cold-blast  ^ve  the  best  results. 

4.  Simple  samples  do  not  run  so  solid  as  mixtures. 

5.  Simple  samples  sometimes  run  too  hard,  and  sometimes  too 
soft  for  practical  purposes.! 

Having  regard  to  the  fact  that  hot-blast  is  now  in  general 
use,  and  that  it  seems  to  improve  some  kinds  of  iron,  probably 
those  of  a  hard  nature,  the  best  plan  for  the  en^neer  to  adopt 
is  to  specify  the  test  which  he  requires  the  iron  to  stand  and 
let  the  founder  bear  the  responsibility  of  producing  the  required 
result. 

d49.  Re-meltlniTj  ^rlthln  certain  limits^  Increases  the 
strenifth  and  density  of  east-Iron. — Ke-melting  cast-iron  seems 
to  have  an  important  effect  in  increasing  its  density  as  well  as  in 

*  Bepari  on  the  Strength  and  other  Propertiet  of  Metals  for  Cannon,  By  Officers  of 
the  Ordnance  Department,  U.S.  Army.    Philadelphia,  1856,  p.  888. 

t  Rep.  of  Iron  Com.,  App.,  p.  889. 
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improving  its  tensile  and  transverse  strength,  as  appears  from  the 
following  experiments  by  Major  Wade  on  proof  bars  of  No.  1 
.  Greenwood  pig-iron  thrice  re-melted  :* — 

TABLE  II. — ^ExPEBiMurTB  on  the  tsnbilb  and  tbanbvibsk  stsenoth  of 

Rb-mblted  Cast-ison. 


Dendtf. 

TMring  weight 
per  aqiiAre  inch. 

Coefflcieiit  of 

tnQBverae  rapture, 

S 

Crude  pig-lion,  -        -        -        - 
Do.    re-melted  once, 
Da        do.      twice, 
Da         do.       three  times,     - 

7082 
7080 
7-198 

• 

7-801 

Ibe. 
15,129 

21,844 

80,107 

85,786 

lbs. 
5,290 

6,084 

7,822 

9,448 

In  summing  np  the  results  of  his  experiments  on  re-melting 
cast-iron,  Major  Wade  observes,  '*the  softest  kinds  of  iron  will 
endure  a  greater  number  of  meltings  with  advantage  than  the 
higher  (more  decarbonized)  grades,  and  it  appears  that  when  iron  is 
in  its  best  condition  for  casting  into  proof  bars  of  small  bulk,  it  is 
then  in  a  state  which  requires  an  additional  fusion  to  bring  it  up  to 
its  best  condition  for  casting  into  the  massive  bulk  of  cannon.  In 
selecting,  and  preparing  iron  for  cannon,  we  may,  therefore,  proceed 
by  Repeated  fusions,  or  by  varying  the  proportions  of  the  different 
grades,  until  the  maximum  tenacity  in  proof  bars  is  attained;  the 
iron  will  then  be  in  its  best  condition  for  being  again  melted  and 
cast  into  cannon." 

Experihients  made  by  Sir  William  Fairbium,  for  the  British 
Association,  though  on  a  much  more  limited  scale  than  those  by 
Major  Wade,  also  prove  the  advantage  to  be  derived  from  repeated 
fusions.!  One  ton  of  No.  3  Eglinton  hot-blast  iron  was  melted 
18  times  successively,  each  time  under  similar  conditions  of  fusion, 


*  i2ep.  an  Metals  for  Cannon,  pp.  242,  249. 

t  Application  of  Iron  to  BuUcUng  Pwrpotu^  p.  60. 
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and  proof  bars,  5  feet  long  and  1  inch  square,  were  cast  each  time, 
and  broken  by  transverse  strain,  the  distance  between  the  supports 
being  4  feet  6  inches.  The  results  are  given  in  the  following 
table: — 

TABLE  III.— ExPEBinNTS  ov  the  tbakstbbsb  and  cbushiko  stbestoth  of 

Rb-melted  Cast-ibok. 


Mean  breakina  weight 

of  iMirs  exactlj  1  in. 

square,  and  4  feet  6 

inches  between 

No.  of 
meltingB. 

Spedflc 
grarJty. 

Mean  nltimate 
deflection. 

Power  to  reslsc 
impact. 

Crushing 

weight  per 

square  inch. 

supports. 

Ibe. 

inches. 

tons. 

1 

6-969 

490-0 

1-440 

705-6 

44-0 

2 

6-970 

441-9 

1-446 

630-9 

43-6 

3 

6-886 

401-6 

1-486 

596-7 

41-1 

4 

6-938 

413-4 

1-260 

520-8 

40-7 

5 

6-842 

431-6 

1-508 

648-6 

41-1 

6 

6-771 

438-7 

1-320 

579-0 

41-1 

7 

6-879 

449-1 

1-440 

646-7 

40-9 

8 

7-025 

491-3 

1-753 

861-2 

41-1. 

9 

7102 

546-5 

1-620 

885-3 

56-1 

10 

7-108 

666-9 

1-626 

921-7 

57-7 

11 

7-118 

651-9 

1-636 

1066-5 

69-8 

12 

7-160 

692-1 

1-666 

1153-0 

78-1 

18 

7-134 

634-8 

1-646 

1044-9 

66-0* 

14 

7-530 

603-4 

1-518 

912-9 

95-9 

15 

7-248 

371-1 

0-648 

238-6 

76-7 

16 

7-330 

351-3 

0-566 

198-5 

70-5 

17 

Lost 

•  •« 

•  •• 

••• 

•  •• 

18 

7-386 

312-7 

0-476 

148-8 

88-0 

• 

In  these  experiments  it  will  be  observed  that  the  transverse 
strength  increased  up  to  the  12th  melting,  after  which  it  fell  off  in 
a  marked  degree. 

848.  Prolonir^  ftislon^  wtthln  certain  llmltSj  Inereases 
the  streng^th  and  density  of  east-Iron. — The  improvement  due 
to  prolonged  fusion  is  shown  by  the  following  experiments  by 
Major  Wade  on  Stockbridge  iron  of  the  2nd  fusion  .f 


*  The  cube  did  not  bed  properly  upon  the  steel  plates,  otherwise  it  would  have 
resisted  a  much  greater  force — ^probably  80  or  85  tons  per  square  inch, 
t  Rep,  on  Metals  for  CannoUf  pp.  40,  44. 
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TABLE  rv.— ExFEBnoHTB  on  pbolovoxo  Fusov. 


Density. 

Tearing  weight  per 
■qnure  inch. 

Coeflicient  of 

trantreraa  rapture, 

8 

Iron  in  fnmon  }  hour, 
Do.          do.     I    „ 
Do.          da     14  „ 
Do.           do.    2    „ 

7-187 
7-217 
7-260 
7-279 

Ibe. 
17,848 

20,127 

24,387 

84,496 

lbs. 

7,126 

8,778 

10,088 

11,614 

In  some  experiments  made  at  Woolwich  Arsenal  by  Mr.  F.  J. 
BramweU,  it  was  found  that  fusion  for  3|  hours  increased  the  tensile 
strength  of  No.  1  Acadian  cold-blast  iron,  from  Nova  Scotia,  from 
7-5  to  10-8  tons  per  square  inch,  or  nearly  50  per  cent.  This 
when  cooled  was  re-melted  with  an  equal  proportion  of  the  original 
No.  1  iron  and  the  tensile  strength  of  bars  cast  immediately  upon 
re-melting  was  11  tons,  and  after  4  hours  fusion,  18'5  tons  per  square 
inch.* 

On  this  subject  Mr.  Truran  makes  the  following  observa- 
tionsf: — "  The  composition  of  the  original  grey  pig-iron  doubtless 
influences,  in  a  very  great  measure,  the  amount  of  improvement 
obtuned  with  different  periods  of  fusion.  A  refining  of  the  iron 
takes  place;  and  the  quantity  of  alloyed  matters  oxidized  and 
removed  will  vary  with  the  character  of  the  pig-iron.  Carbon  is  a 
principal  ingredient  in  cast-iron ;  and  a  long  exposure,  equally  with 
repeated  meltings,  offers  a  ready  method  of  burning  it  away.  The 
reverberating  column  of  gases  in  the  re-melting  furnace  contains  a 
proportion  of  free  oxygen,  which  combines  with  the  carbon  to  form 
carbonic  acid ;  but  since  the  oxygen  is  in  contact  only  with  the 
surface  of  the  metal,  its  removal  requires  numerous  fusions,  or  the 
maintenance  in  fusion  for  a  long  period.    Bepeated  fusions  of  the 


♦  Proc.  L  a  R,  Vol  xxii,  p.  669. 

t  The  Uirffd  MetaU  and  their  AUoyi,  pp.  216,  217.    London  :  1867. 
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iron  are  attended  with  a  heavy  waste  of  material,  which  goes  far  to 
compensate  for  the  increase  of  strength.  The  tensile  strength, 
as  influenced  by  the  size  of  the  masses  and  rapidity  of  cooling, 
varies  with  the  condition  of  the  iron  previous  to  casting.  If  the 
refining  process,  by  lengthened  fusion  or  numerous  re-meltings,  be 
carried  too  far,  the  resulting  product  will  be  of  a  hard,  brittle 
quality ;  and  when  cast  into  small  articles,  be  chilled  to  that  extent 
as  to  be  incapable  of  working  with  steel  cutting-tools.  Cast  into 
larger  articles,  however,  and  cooled  more  slowly,  a  maximum 
tenacity  may  be  developed,  and  the  texture  of  the  iron  be  found  of 
a  character  to  bear  cutting-tools  on  its  surface.  Continuing  the 
operation  too  long  also  produces  a  thickening  of  the  molten  iron, 
until  it  is  of  too  great  a  consistence  for  the  proper  filling  of  the 
moulds,  and  the  prevention  of  air  cavities  in  the  body  of  the 
casting.  The  burning  away  of  the  carbon  is  attended  with  a  loss 
of  fluidity;  and  this  defect  occurring,  there  is  no  remedy  short  of 
introducing  further  portions  of  the  original  crude  iron,  to  restore, 
by  mixing,  a  certain  degree  of  fluidity.*' 

d49.  Tensile  streni^th  of  thiek  castlnirs  of  hifrMy  decar- 
bonised Iron  i^reater  than  that  of  thin  ones — ^Anneailnn: 
suiali  hars  of  cast-iron  diminishes  their  density  and  tensile 

streni^th. — It  has  been  already  shown  (US)  that  the  transverse 
strength  of  thin  castings  exceeds  that  of  thick  ones,  and  it  might 
naturally  be  thought  that  this  was  always  due  to  greater  tensile 
strength  in  the  smaller  castings.  This,  however,  seems  to  be 
disproved  by  the  following  experiments  by  Major  Wade,  of  the 
United  States  army,  who  found  that  small  castings  in  vertical  dry 
sand  moulds  had  a  less  tensile  strength  than  large  gun  castings 
similarly  moulded  and  cast  at  the  same  time.*  The  diminution  of 
tensile  strength  in  the  small  bars  amounted  to  nearly  5  per  cent., 
while  their  transverse  strength  was  14  per  cent,  greater  than  that  of 
bars  cut  from  the  guns,  as  is  shown  in  the  following  table : — 

*  JUport  on  MetaU  for  Cannon,  p.  45. 


CHAP*  XTl.]      TENSILE  8TBENGTH  OF  MATERIALS. 


295 


TABLE  v. — CoMFABisoN  ov  PBOor  Babs  out  vbom  thb  bodt  ov  thb  Guv,  with 

TH08B  OABT  AT  THX  8AMB  TIMB  IV  BBFABATB  VBBTIOAL  DBT  SaBD  M0ULD8, 
8H0WIN0  THB  DIFFEBENCB  IN  THB  BAMB  IBON,  GAUBBD  BT  BLOW  OOOLINO  IB  LABOB 
XABBBB,   AHO  MOBE  BAPID  COOLIBO  IV  SMALL  CABTIVGB. 


Qjuu, 

Coefflclent  of 

tmurene  mptare, 

S 

1 

Tearing  weight  per 
square  inch. 

SpedAc  grarity. 

Bar  cut 
from  gun. 

Bar  cast 
separate. 

Bar  cut 
from  gun. 

Bar  cast 
separate. 

Bar  cut 
fhxn  gun. 

Bar  east 
separate. 

6-poander  gun, 
6-pounder  gun, 
8-mch  gun,    • 

Ibe. 
8,415 

9,288 

8,575 

lbs. 

9,880 

9,977 

10,176 

Ibe. 
80,234 

81,087 

26,367 

lbs. 
29,148 

80,039 

24,583 

7-196 
7-278 
7-276 

7-263 
7-248 
7-331 

Mean,  - 
Proportional, 

8,741 
1-000 

10,011 
1-145 

29,229 
1000 

27,922 
-955 

7-260 
!     1-000 

7-281 
1-004 

"  These  results,"  observes  Major  Wade,  "  show  that  the  transverse 
strength  is  augmented  bj  rapid  cooling  in  small  castings,  and  that 
the  tensile  strength  is  increased  bj  slow  cooling  in  large  masses. 
The  differences  in  specific  gravity  are  less  marked ;  but  it  is  some- 
what higher  in  the  small  castings  cooled  rapidly."  This  conclusion, 
however,  must  be  qualified  by  further  statements  of  the  same  author 
at  pp.  234  and  268 ;  where,  in  allusion  to  similar  experiments,  he 
says : — "  Such  results  happen  only  in  cases  where  the  iron  is  very 
hard.  As  a  general  rule,  the  tenacity  of  the  common  sorts  of 
foundry  iron  is  increased  by  rapid  cooling.  In  this  case  the 
condition  of  the  iron  when  cool  was  too  high — that  is  to  say,  the 
process  of  decarbonization  had  been  carried  too  far — for  a  maximum 
strength,  when  cooled  rapidly,  in  small  masses;  although  it  was 
in  its  best  condition  for  casting  into  a  large  mass,  where  it  must 
cool  slowly.  As  iron  of  high  density,  when  cast  into  bars  of  small 
bulk,  is  liable  to  become  unsound  and  to  contain  small  cavities,  this 
cause  may  account,  in  some  measure,  for  the  diminished  tensile 
strength  in  bars  of  high  density.''  Major  Wade  found  that 
annealing  small  bars  of  cast-iron  invariably  diminished  both  their 
density  and  tenacity.*    American  cannon  iron,  the  reader  will 

*  H^port  on  Metalifor  Common,  p.  284. 
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observe,  is  much  stronger  and  denser  than  ordinary  English  cast- 
iron,  the  mean  tensile  strength  of  a  large  number  of  American 
guns  cast  in  1851  being  37,774  lbs.,  or  nearly  17  tons  per  square 
inch.* 

350.  Indirect  poll  nrreaily  redaees  the  tensile  strenfrth 
of  east-Iron. — Mr.  Hodgkinson  found  *'  that  the  strength  of  a 
rectangular  piece  of  cast-iron,  drawn  along  the  side,  is  about  one- 
third,  or  a  little  more,  of  its  strength  to  resist  a  central  strain/'f 
In  proving  specimens  of  cast-iron  in  a  testing  machine  it  is  essential 
that  the  strain  pass  exactly  through  the  axis  of  the  spedmen, 
otherwise  the  apparent  will  be  much  less  than  the  real  tensile 
strength. 

<51.  Cast-iron  not  suited  fiir  tension. — Cast-iron  is  liable  to 
air-holes,  internal  strains  from  unequal  contraction  in  cooling  and 
other  concealed  defects  which  often  seriously  reduce  its  effective 
area  for  tension  and,  as  its  tenacity  is  only  about  one-third  of  that 
of  wrought-iron,  the  latter  material  or  steel  should  be  preferred 
for  tensile  stndns  whenever  practicable.  For  these  reasons  cast- 
iron  is  seldom  used  in  the  form  of  a  tie-bar.  It  frequently  occurs, 
however,  in  tension  in  the  lower  flanges  of  girders  with  continuous 
webs,  for  the  safe  working  strain  in  which  see  Chap.  XXYIII. 

WROUGHT-IRON. 

• 

d58.  Tensile  strength  of  wronirht-lron — ^Fraetared  area — 
mtlmate  set. — We  are  indebted  to  Mr.  David  Kirkaldy  for  an 
exceedingly  valuable  series  of  experiments  on  the  tensile  strength 
of  wrought-iron  and  steel,  made  by  means  of  a  lever  testing  machine 
at  the  works  of  Messrs.  Bobert  Napier  and  Sons,  Glasgow,  t  The 
following  tables  contain  abstracts  of  the  more  important  results  of 
these  experiments.  The  column  headed  *^  Tearing  weight  per 
square  inch  of  fractured  area"  gives  the  breaking  weight  per  square 
inch  of  the  area  when  reduced  by  the  specimen  drawing  out  under 
proof.     The  ratio  of  this  to  the  ^*  tearing  weight  per  square  inch  of 

*  lUport  on  lietaU  for  Cannon^  p.  276. 

+  Ex,  Ses,,  p.  812. 

t  Experimmta  on  Wrought-iron  and  Sled,  by  David  Kirkaldy,  Glasgow,  1863. 
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original  area"  indicates  the  quality  of  the  iron,  whether  ductile  or 
the  reverse.  The  soft  and  ductile  irons  draw  out  to  a  small 
"fractured  area,"  and  consequently  have  a  very  high  unit-stnun 
referred  to  it,  whereas  the  hard  irons  stretch  but  little  under  proof, 
and  therefore  have  a  comparatively  low  unit-strain  referred  to  the 
same  standard.  The  last  column,  headed  "Ultimate  elongation 
or  tensile  set  afler  fracture,"  gives  the  ratio  of  the  increment 
of  length  after  fracture  to  the  original  length  before  fracture, 
in  the  form  of  a  percentage  of  the  latter.  The  figures  in  this 
column  are  greater  or  less  according  as  the  material  is  more  or  less 
ductile,  and  consequently,  this  "  set  after  fracture"  is  a  test  of  the 
toughness  and  ductility  of  the  iron  under  proof.  In  my  own 
practice  I  find  that  the  "  set  after  fracture"  is  more  easily  measured 
than  the  "  fractured  area,"  and  that  it  is  a  very  convenient  test  of 
the  ductility  and  toughness  of  the  iron. 

TABLE  VI.— Tensua  btsknoth  of  Wbouoht-ibon  Babb. 

NoTB.— All  the  pieces  were  taken  promUctumdy  from  engineers'  or  merchants'  stores, 
except  those  marked  samples,  which  were  received  from  the  makers. 


Names  of  the  Makers 
or  Works. 


Description. 


• 

Tearing 

Tearing 

weight 

weight 

per 

per 

square 

square 

inch  of 

Inch  of 

original 

fhustured 

area. 

area. 

g 

I 

o 

3-s 
5^ 


I 


LowMooB, 
Do. 
Do. 

Do. 

Da 

B0WLD70, 

Do. 
Fabbixt, 


Boiled  bars,  1  inch  square, 

KoUed  bars,  1  inch  ronnd. 

Boiled  bars,    -^  inch, 
for  rivets, 

Planed    from    1    inch 
square  bars, 

Forged   from   1}   inch 
round  bars. 

Boiled  bars,  1  inch  round. 

Turned  from   1|   inch 
roimd  bars, 

Boiled  bars,  1  inch  roimd, 


lbs. 

lbs. 

60,864 

117,147 

61,798 

181,676 

60,076 

125,776 

60^45 

114,410 

66,892 

116,040 

62,l04 

114,220 

61,477 

120,229 

62,886 

127,425 

per 
cent. 
24*9 

26*6 

20-6 

23-8 

20-2 

24-4 
26-0 

26-6 
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TABLE  yi.~Tsirsiiii  STBivaxH  ov  Wbouoht-ibon  BABS—eontmiiai. 


4i 


Names  of  the  Blaken 
or  Workflw 


Descriptioau 


Tearing 

Tearing 

weight 

weight 

per 

per 

square 

square 

inch  of 

inch  of 

original 

flractured 

area. 

area. 

It 


■a, 
% 

QQ 


a 


I 


J.  Bbadlkt  and  Co.,  © 
(Charcoal) 

Do.    B.  R,  Scrap, 

Do.   s  C   d? 

Do.      do. 

G.  B.  Thobnetoboft  &  Co., 

TNS 
LOBD  Wabd,  L  *  W.  R-0 

Maunsleb,  ifr  Bbst, 

Baokall,  d?  J.  B. 

Do.         do. 

Ulvebbton  Rivet,  e^rg^ 

Best, 
Mbbsbt  Co.,  Best, 

GovAN,  Ex.  K  Best, 

Do.         do. 


Do. 
Do. 
Do. 
Do. 


do. 
do. 
do. 
do. 


Gov  AN,  B.  Best, 
Do.         do. 


Do. 
Do. 
Do 

GOTAH, 

Do. 


do. 
do. 
do. 

do. 


.  f  KoUed  bam,  1  inch 
5  J      round, 

I  I  Rolled  ban,  1  inch 
cr^  L     round. 

Rolled  bars,  {  inch,  for 

rivets, 
Rolled  ban, }  inch  round. 

Rolled  ban,  \^  inch,  for 

rivets, 
Rolled  bars,  \i  inch,  for 

rivets. 
Rolled  bars,  }  inch  X 

1  inch, 
Rolled   bars,    1^   inch 

round, 
Do.   do.,    turned  down 

to  1  inch, 
RoUed  bars, }  inch  round. 

Forged    from    f    inch 

square  ban, 
Rolled  bars, }  inch  square, 

Rolled  ban, }  inch  round. 

Rolled  bars,    I|    inch 

round,  • 
Rolled  bars,  1  inch  round, 

Rolledban,  { inch  round, 

Rolledbars, }  inch  round. 

Rolled   ban,    1|    inch 

round, 
Rolledbars,  1  inch  round, 

Rolledbars,  { inch  round, 

Rolledban,  f  inch  round, 

Rolledbars, }  inch  round, 

RoUed   bars,    1|    inch 

round, 
Rolledbars,  1  inch  round. 


Ibe. 

lbs. 

67,216 

146,521 

59,870 

123,805 

66,715 

112,836 

62,231 

97,675 

69,278 

99,596 

59,753 

96,724 

66,289 

88,800 

56,000 

76,851 

56,881 

80,638 

68,775 

104,680 

60.110 

86,295 

66,655 

99,000 

67,591 

96,248 

68,868 

97,821 

59,109 

98,627 

58,169 

101,868 

57,400 

92,880 

60,879 

84,770 

62,849 

88,560 

61,841 

96,442 

64,795 

97,245 

59,648 

95,706 

58,826 

78,189 

59,424 

79,878 

per 

cent. 

80-2 

26-6 

22*6 
22-2 
22-4 
18-6 
21-4 
17-8 
191 
21-6 
16-9 
19-1 
17-8 
23-8 
22-3 
19-2 
17-6 
170 
191 
20-0 
17-8 
16-9 
167 
16-4 
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TABLE  VL— Tbnbilb  Stbbstoth  ow  WBOuaHT-iBOK  Babb— oon^nued 


s 


Names  of  the  Maken 
or  Worka. 


I>eacilptloQ. 


Tearing 

Tearing 

weight 

weight 

per 

per 

sqoare 

aqoare 

inch  of 

inch  of 

original 

(kactnred 

area. 

area. 

5  ** 
I? 


8 


I 


GOVAN, 

* 

Do. 

do. 

Glasoow,  B.  Bm, 

Do. 

do. 

Do. 

do. 

Do. 

do. 

Do. 

do. 

Do. 
Do. 


do. 
do. 


Glabgow  Best  Bxvet,  - 
CoATBBiDos,  Best  Rivxt, 
St.  Bollox,  Bsar  Biyef, 

B.  SOLLOOH  E.  BiSTy 
^@>  GOVAV,   ^^ 

Do.         do. 


Do. 
Do. 
Do. 


do. 
do. 
do. 


DiMDTTAN  (Cominon), 
Do.         do. 


Do. 
Do. 


do. 
do. 


Bloohaibv,  B.  Bxst, 
Bloohaxbk,  Bbst  Bivkt, 
Port  Dundab,  Ex.  B.  Bxbt, 
GovAK,  Paddled  bon,      - 


Bolledban,}  Inch  round, 
BoUedban,  { inch  round, 
BoUedbars,  1  inch  round, 

Boiled    bftn,    ||   inch 

round, 
Forged    from    1    inch 

rolled  bam, 
Boiled   bars,    1^    inch 

round. 
Do.,  da,  turned  down 

to  1  inch, 
Do.,  do.,  forged   down 

to  1  inch, 
Boiled  ban,  j  inchround. 

Boiled  bars,  j  inchround, 

Boiled  bars,  {inchround. 

Boiled   bars,     \i  inch 

round. 
Boiled  bars,  \i  inch,  for 

rivets. 
Boiled   bars,    1}    inch 

round, 
Do.,  do.,  turned  down 

to  1  inch. 
Do.,  do.,  forged  down 

to  1  inch, 
BoUed  bars,  1  inchround, 

Boiled  bars,  f  inchround. 

Boiled   bars,     1|    inch 

round. 
Do.,  do.,  turned  down 

to  1  inch. 
Boiled  ban,    IJ  inch, 

forged  down. 
Boiled  bars,  1  inchround, 

Boiled  bars,  1  inch  round, 

BoUed  bars, }  inch  round. 

Boiled   bars,    1|    inch 

round, 
BoUed  bars,  1  X  2iinch, 

forged  down. 


lbs. 

lbs. 

68,956 

88,512 

61,887 

95,819 

58,885 

97,548 

58,910 

97,559 

59,045 

80,058 

54,579 

85,012 

55,538 

86,590 

56,112 

81,508 

59,800 

99,612 

57,092 

96,205 

61,728 

96,267 

56,981 

77,888 

57,425 

96,959 

57,598 

114,866 

57,288 

116,869 

57,095 

112,705 

68,746 

118,700 

58,199 

116,549 

51,827 

54,100 

55,995 

68,280 

54,247 

60,856 

58,852 

58,804 

56,141 

90,818 

59,219 

89,279 

54,594 

85,568 

46,771 

48,057 

per 
cent. 
16-8 

18-8 

23-2 

21-8 

20-9 

20-8 

21-8 

18-6 

20-0 

28-7 

21-6 

16-6 

17-7 

24-8 

25-6 

28) 

25-2 

21-4 

6-3 
11-1 

7-8 

6-8 
21-8 
19-4 
20-6 

8-4 
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If 
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TABLE  yiL—TBNBiLi  Stbenoth  of  Angle  iBOir. 

NoTK — All  the  pieces  were  taken  promiseuoutly  from  engineers'  or  merchants* 
stores,  except  those  marked  tample$,  which  were  received  from  the  makers. 


District 

Names  of  the  Hakers  or  Works. 

i 

Tearing 
weight 

per 

sqnare 

inch  of 

origimd 

area. 

Tearing 
weight 

per 

sqnare 

inch  of 

fractured 

area. 

Ultimate 
elongation, 
or  tensile 
set  after 
firacture. 

Yorkshire,     • 

Fabnlet, 

A 

lbs. 
61,260 

lbs. 
104,468 

percent. 
20-9 

' 

Glasgow  Best  Scraps    - 

i 

56,094 

71,764 

15-0 

Glasgow  Best  Best,      - 

* 

A 

55,937 

70,706 

15-4 

Lanarkshire, 

Do.        do. 

i 

55,520 

62,373 

8-5 

Do.        do. 

A 

53,800 

65,770 

12-8 

\ 

Do.        do. 

i 

51,800 

64,962 

12-7 

Albion  Sb  Best, 

1 

56,157 

69,367 

140 

Albion  Best, 

i 

52,159 

67,695 

141 

Staffordshire,/ 

Do.    do.       - 

a 

51,467 

60,675 

11-2 

Eagle  Best  Best, 

i 

54,727 

71,441 

13-7 

Eagle,  .... 

H 

50,056 

58,545 

8-8 

Durham, 

1 

O0N8BTT  Best  Best, 
OoNSBTT  Ship  Angle  Iron, 

53,648 
50,807 

65,554 
58,201 

12-6 

5-8 

TABLE  YIIL— Tensile  Stbength  of  Wbought.ibon  Stbapb  and  Beau  Ibon. 

Note.— All  the  pieces  were  taken  promuowmdy  from  engineers*  or  merchants' 
stores,  except  those  marked  tampleSf  which  were  received  from  the  makers. 


District 

Names  of  the  Makers  or  Works. 

^ 

Tearing 
weight 

per 

square 

inch  of 

original 

area. 

Tearing 
weight 

per 

square 

Inch  of 

ftuctured 

area« 

Ultimate 
elongation, 
or  tensile 
set  after 
fracture. 

' 

Glasgow,  Ship  Beam,  - 

ii 

lbs. 
55,937 

lbs. 
67,606 

percent. 
10-79 

Lanarkshire,  / 

DUNDTTAN,  Ship  Strap, 

Hi 

55,285 

63,685 

8*08 

. 

MosBBND,  Ship  Strap,    - 

Ai 

45,439 

50,459 

518 

Staffordshire^ 

Tbobnetcboft,  Ship  Strap, 

t 

52,789 

59,918 

8-03 

S.  Wales,       - 

DOWLAIS,  Ship  Beam,    - 

i 

41,886 

45,844 

4-82 

ifta 


,  ^  .-*rf^  ^...—^41^ 


VMI 


P 
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TABLE  IX.— Tensile  Strength  of  Wbought-ibov  Plates. 
NoTE.~All  the  pieces  were  taken  prcwiiacwmdy  from  engineers'  or  merchants' 
stores,  except  those  marked  sampletf  which  were  received  from  the  makers.    L  denotes 
that  the  strain  was  applied  lengthways  of  the  plate ;  G,  crossways. 


Dlitrict 

Names  of  the  Makers 
or  Worku 

TUck. 

«■ 

s 
1 

Tearing 
weight 
per square 
inch  of 
original 
area. 

Tearing 
weight 

per  square 
inch  of 

fractured 
area. 

Ultimate 
elongation, 
or  tensile 
set  after 
fracture. 

LOWICOOB, 

A 

L 
C 

tbe. 
52,000 
50,515 

lbs. 
64,746 
57,383 

percent 

18-2 

9*3 

BOWLINO, 

i 

L 
0 

52,235 
46,441 

61,716 
50,009 

11-6 
5-9 

Yorkshire, 

Faehlet, 

i 

L 
C 

56,005 
46,221 

68,763 
53,293 

14-1 
7-6 

Do. 

i 

L 
0 

58,487 
54,098 

70,538 
59,698 

10-9 
5-9 

Do. 

i 

II 

58,487 
55,038 

88,112 
68,961 

17-0 
11-8 

Conbbtt, 

i 

L 
C 

51,245 
46,712 

59,188 
52,050 

8-98 
6-43 

Durham,           i 

Do.      Best  Best,   - 

A&W 

L 
C 

49,120 
46,755 

55,472 
50,000 

8-0 
5-2 

Do.           do. 

■fir** 

L 
C 

58,559 
45,677 

62,346 
48,358 

11-6 
40 

J.    BlUSLBT    ft    Co., 

8.  C.tt 

4 

L 
C 

55,831 
50,550 

67,406 
55,206 

12-5 
5-5 

Do.      L  F    do.    - 

fto} 

L 
0 

56,996 
51,251 

66,858 
56,070 

13-0 
5-9 

Do.        „       do.    • 

itoi 

L 
C 

55,708 
49,425 

65,652 
54,002 

10-7 
51 

T.  WKLL8,  Best  Bert 
9b 

A  to* 

L 
0 

47,410 
46,630 

61,521 
48,348 

4-0 
8-4 

Staffordshire,     \ 

KBM 

A 

L 
C 

46,404 
44,764 

51,896 
47,891 

61 
4-3 

MixiHSLR^  Best 

ft 

f 

L 
0 

52,572 
50,627 

62,131 
55,746 

8-6 
6-8 

G.  B.  THOBNltTCBOFT, 

BertDWBert,     - 

« 

L 
C 

54,847 
45,585 

62,747 
47,712 

11-2 
4-6 

J.  Weixs  «b  fi.  Best,  - 

i«*il 

iL 

45,997 
49,811 

51,140 
54,842 

6-7 
7-0 

k 

Llotss,  Fobtbb,  ft  Co., 
Best, 

Ato-fr 

L 
0 

44,967 
44,732 

49,162 
48,844 

5-8 
4-6 
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TABLE  IX.— TivaiLi  Stbinoth  of  Wbouobt-ibov  Flatbb — oonUnued, 


District 

Names  of  the  Makers 
or  Works. 

Thick. 

1 

1 
1 

Tearing 
weight 
per  square 
inch  of 
original 
area. 

Tearing 

weight 

(per  sqnare 

inch  of 

fractured 

area. 

Ultlinate 
elongation, 
or  tensile 
set  after 
fracture. 

Ibit. 

tbe. 

percent 

Shropehire^ 

Snkdshill  Sb  Bert,  - 

AtoA 

L 
0 

52,862 
48,086 

61,581 
45,800 

9-6 

2-8 

/ 

MoBSiiTD,  Best  Best,  • 

i 

L 
C 

48,488 
41,456 

46,088 
48,622 

8-8 

2-9 

(tLASGOW,  Best  Boiler, 

|to« 

L 
C 

58,8^9 

48,848 

60,522 
52,252 

9-8 

4-6 

Do.        Ship, 

Ato« 

L 
C 

47,778 
44,855 

49,816 
45,848 

8*65 
211 

Do.        BestBest,  - 

Atoii 

L 
C 

45,626 
41,840 

48,208 
42,480 

4-34 
2-87 

Lanarkshire, 

Do.             do. 

*tol 

L 
C 

58,899 
41,791 

59,557 
48,614 

8-95 
2-68 

Do.        Best  Scrap, 

i 

L 

50,844 

58,412 

10-5 

Makers'  stamp  uncertain, 

Ato« 

L 
0 

47,598 
40,682 

53,182 
43,426 

5-9 
2-5 

GoYAN,  Best,  - 

itoj 

L 
0 

48,942 
89,544 

45,886 
40,624 

8-4 

1-4 

<@>  GOYAK  *@> 

it 

L 
0 

54,644 
49,899 

66,728 
54,020 

11-6 
6-5 

858.   Tensile  strenipth  of  wroagrht-iroiiy  mean  results. — 

The  following  short  table   contains  the  mean   results   of  Mr. 

Kirkaldy's  experiments  on  the  tensile  strength  of  wrought-iron : — 
TABLE  X.— TivsiLB  Stbinoth  of  Wbought-ibon,  Mian  Results. 


188  bars,  rolled,     > 
72  angle-iron  and  straps, 
167  plates,  lengthways, 
160  plates,  crossways, 


lbs. 
57,555 

54,729 

50,787 

46,171 


tons. 
:  25] 

24i 

22 


•65) 
[21J 
20-6   ) 


In  my  own  experience  I  find  that  the  common  brands  of  plate- 
iron  which  are  manufactured  for  girder-work  and  ship-building  are 


304  TENSILE  STRENGTH  OF  MATERIALS.       [CHAP.  XYI. 

about  10  per  cent,  weaker  than  the  mean  results  in  the  foregoing 
table,  and  that  their  set  after  fracture,  lengthways,  rarely  exceeds 
5  per  cent,  of  the  total  length ;  also  that  Staffordshire  and  North 
of  England  iron  are  generally  tougher  than  Scotch  iron. 

854.  HIrkaldy's  condnslons. — Mr.  Kirkaldy  sums  up  the 
results  of  his  experimental  inquiry  in  the  following  concluding 
observations,  which  the  student  should  study  carefully : — 

1.  The  breiOdng  Btrain  does  not  indicate  the  qxiality,  as  hitherto  asBumed. 

2.  A  high  brealdng  strain  may  be  due  to  the  iron  being  of  superior  quality,  dense, 
fine^  and  moderately  soft,  or  simply  to  its  being  very  hard  and  unyielding. 

8.  A  low  breaking  strain  may  be  due  to  looseness  and  coarseness  in  the  texture,  or 
to  extreme  softness,  although  very  close  and  fine  in  quality. 

4.  The  contraction  of  area  at  fracture,  previously  overlooked,  f onus  an  essential 
element  in  estimating  the  quality  of  specimens. 

6,  The  respective  merits  of  various  specimens  can  be  correctly  ascertained  by  com- 
paring the  breaking  EtniaJoinUly  with  the  contraction  of  area. 

6.  Inferior  qualities  show  a  much  greater  variation  in  the  breaking  strain  than 
superior. 

7.  Greater  differences  exist  between  small  and  large  ban  in  coarse  than  in  fine 
varieties. 

8.  The  prevailing  opinion  of  a  rough  bar  being  stronger  than  a  turned  one  is 
erroneous. 

9.  Rolled  bars  are  slightly  hardened  by  being  forged  down. 

10.  The  breaking  strain  and  contraction  of  area  of  iron  plates  are  greater  in  the 
direction  in  which  they  are  roUed  than  in  a  transverse  direction. 

11.  A  very  slight  difference  exists  between  specimens  from  the  centre  and  specimens 
from  the  outside  of  crank  shafts. 

12.  The  breaking  strain  and  contraction  of  area  are  greater  in  those  specimens  cut 
lengthways  out  of  crank  shafts  than  in  those  cut  crossways. 

18.  The  breaking  strain  of  steel,  when  taken  alone,  gives  no  due  to  the  real  qualities 
of  various  kinds  of  that  metal. 

14.  The  contraction  of  area  at  fracture  of  spedmens  of  steel  mtist  be  ascertained  as 
well  as  in  those  of  iron. 

15.  The  breaking  stndn,  jointly  with  the  contraction  of  area,  affords  the  means  of 
comparing  the  peculiarities  in  various  lots  of  specimens. 

16.  Some  descriptions  of  steel  are  found  to  be  very  hard,  and,  consequently,  suitable 
for  some  purposes ;  whilst  others  are  extremely  soft,  and  equally  suitable  for  other  uses. 

17.  The  breaking  strain  and  contraction  of  area  of  puddUd-tUd  plates,  as  in  iron 
plates,  are  greater  in  the  direction  in  which  they  are  rolled;  whereas  in  ccu<-8teel 
they  are  less. 

18.  Iron,  when  fractured  suddenly,  presents  invariably  a  crystalline  appearance ; 
when  fractured  slowly,  its  appearance  is  invariably  fibrous. 
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Id.  The  appearance  may  be  changed  from  fibroos  to  ciyBtalline  by-  merely  altering 
the  shape  of  specunen,  so  as  to  render  it  more  liable  to  snap. 

20.  The  appearance  may  be  changed  by  varying  the  treatment^  00  as  to  render  the 
iron  harder  and  more  liable  to  snap. 

21.  The  appearance  may  be  changed  by  applying  the  strain  so  soddenly  as  to  render 
the  spechnen  more  liable  to  siu^,  from  having  less  time  to  stretch. 

22.  Iron  is  less  liable  to  snap  the  more  it  is  worked  and  roUed. 

23.  The  **  sldn'*  or  outer  part  of  the  iron  is  somewhat  harder  than  the  inner  part»  as 
shown  by  appearance  of  fracture  in  rough  and  turned  bars. 

24.  The  mixed  character  of  the  scrap-iron  used  in  large  foigings  is  proved  by  the 
siDgularly  varied  appearance  of  the  fractures  of  specimens  cut  out  of  crank  shafts. 

25.  The  texture  of  various  kinds  of  wrought-iron  is  beautifully  developed  by  im- 
mersion in  dUnte  hydrochloric  add,  which,  acting  on  the  siurounding  impurities, 
exposes  the  metallic  portion  alone  for  examination. 

26.  In  the  fibrous  fractures  the  threads  are  drawn  out,  and  are  viewed  externally, 
whilst  in  the  crystalline  fractures  the  threads  are  snipped  across  in  dusters,  and  are 
viewed  internally  or  sectionally.  In  the  latter  cases  the  fracture  of  the  specimen  is 
always  at  right  angles  to  the  length ;  in  the  former  it  is  more  or  less  irregular. 

27.  Sted  invariably  presents,  when  fractured  dowly,  a  silky  fibrous  appearance ; 
when  fraetored  suddenly,  the  appearance  is  invariably  granular,  in  which  case  also 
the  ibacture  is  always  at  right  angles  to  the  length ;  when  the  fracture  is  fibrous,  the 
angle  diverges  always  more  or  less  from  90^. 

28.  The  granular  appearance  presented  by  sted  suddenly  fractured  is  nearly  free  of 
lustre,  and  unlike  the  brilliant  crystalline  appearance  of  iron  suddenly  fractured ;  the  two 
combined  in  the  same  specimen  are  shown  in  iron  bolts  partly  converted  into  steeL 

29.  Sted  which  previously  broke  with  a  silky  fibrous  i^pearance  is  changed  into 
granular  by  being  hardened. 

80.  The  little  additional  time  required  in  testing  those  specimens,  whose  rate  of 
dongation  was  noted,  had  no  injurious  effect  in  lessening  the  amount  of  breaking 
strain,  as  imagined  by  some. 

81.  The  rate  of  dongation  varies  not  only  extremdy  in  different  qualities,  but  also 
to  a  considerable  extent  in  specimens  of  the  same  brand. 

82.  The  specimens  were  generally  found  to  stretch  equally  throughout  their  length 
until  dose  upon  rupture,  when  they  more  or  less  suddenly  drew  out,  usually  at  one 
part  only,  sometimes  at  two,  and,  in  a  few  exceptional  cases,  at  three  different  places. 

88.  The  ratio  of  ultimate  dongation  may  be  greater  in  short  than  in  long  bars  in 
some  descriptions  of  iron,  whilst  in  others  the  ratio  is  not  affected  by  difference  in  the 
lengyH. 

84.  The  lateral  dimensions  of  specimens  forms  an  important  dement  in  comparing 
dther  the  rate  of,  or  the  ultimate^  elongations — a  circumstance  which  has  been  hitherto 

overlooked.  • 

85.  Sted  is  reduced  in  strength  by  being  hardened  in  water,  while  the  strength  is 

vastly  increased  by  being  hardened  in  oiL 

36.  The  higher  sted  is  heated  (without^  of  course,  running  the  risk  of  being  burned) 
the  greater  is  the  increase  of  strength,  by  being  plunged  into  oil. 

X 
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37.  In  a  highly  converted  or  hard  steel  the  increase  in  strength  and  in  hardness  is 
greater  than  in  a  less  converted  or  soft  steel. 

88.  Heated  steel,  by  being  plunged  into  oil  instead  of  water,  is  not  only  considerably 
hardeMd^  but  tonghened  by  the  treatment. 

39.  Steel  plates  hardened  in  oil,  and  joined  together  with  rivets,  are  fuUy  equal  in 
strength  to  an  unjointed  soft  plate,  or  the  loss  of  strength  by  riveting  is  more  than 
counterbalanced  by  the  increase  in  strength  by  hardening  in  oiL 

40.  Steel  rivets,  fully  laiger  in  diameter  than  those  used  in  riveting  iron  plates  of 
the  same  thicTmeiw,  being  found  to  be  greatly  too  small  for  riveting  steel  plates,  the 
probability  is  suggested  that  the  proper  proportion  for  iron  rivets  is  not.  as  generally 
assumed,  a  diameter  equal  to  the  thickness  of  the  two  plates  to  be  joined. 

41.  The  shearing  strain  of  steel  rivets  is  found  to  be  about  a  fourth  less  than  the 
tensQe  stram. 

42.  Iron  bolts,  case-hardened,  bore  a  less  breaking  strain  than  when  wholly  iron, 
owing  to  the  superior  tenacity  of  the  small  proportion  of  steel  being  more  than  coun- 
terbalanced by  the  greater  ductility  of  the  remaining  portion  of  iron. 

43.  Iron  highly  heated  and  suddenly  cooled  in  water  is  hardened,  and  the  breaking 

strain,  when  gradually  applied,  increased,  but  at  the  same  time  it  is  rendered  more 
liable  to  snap. 

44.  Iron,  like  steel,  is  softened,  and  the  breaking  strain  reduced,  by  being  heated 
and  allowed  to  cool  slowly.  • 

45.  Iron  subject  to  the  cold-rolling  process  has  its  breaking  strain  greatly  increased  by 
being  made  extremely  hard,  and  not  by  being  ''consolidated,"  as  previously  supposed. 

46.  Specimens  cut  out  of  crank-shaft  are  improved  by  additional  hammering. 

47.  The  galvanizing  or  tinning  of  iron  plates  produces  no  sensible  effects  on  plates 
of  the  thickness  experimented  on.  The  result^  however,  may  be  different^  should  the 
plates  be  extremely  thin. 

48.  The  breaking  strain  is  materially  affected  by  the  shape  of  the  specimen.  Thus 
the  amount  borne  was  much  less  when  the  diameter  was  uniform  for  some  inches  of 
the  length  than  when  confined  to  a  small  portion — a  peculiaril^  previously  unascer- 
tained, and  not  even  suspected. 

49.  It  is  necessary  to  know  correctly  the  exact  conditions  under  which  any  tests  are 
made  before  we  can  equitably  compare  results  obtained  from  different  quarters. 

50.  The  startling  discrepancy  between  experimente  made  at  the  Boyal  Arsenal,  and 
by  the  writer,  is  due  to  the  difference  in  the  shape  of  the  respective  specimens,  and  not 
to  the  difference  in  the  two  testing  machines. 

51.  In  screwed  bolte  the  breaking  strain  is  found  to  be  greater  when  old  dies  are 
used  in  their  formation  than  when  the  dies  are  new,  owing  to  the  iron  becoming  harder 
by  the  greater  pressure  required  in  forming  the  screw  thread  when  the  dies  are  old 
and  blunt  than  when  new  and  sharp. 

52.  The  strength  of  screw-bolts  is  found  to  be  in  proportion  to  their  relative  areas, 

there  being  only  a  slight  difference  in  favour  of  the  smaller  compared  with  the  laiger 

sizes,  instead  of  the  very  material  difference  previously  imagined. 

58.  Screwed  bolte  are  not  necessarily  injured,  although  strained  nearly  to  their 
breaking  point. 
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54.  A  great  varistion  eztrts  in  the  rtrength  of  iron  ban  which  have  been  cat  and 
welded  ;  whilst  some  bear  ahnost  as  much  as  the  uncut  bar,  the  strength  of  others  is 
reduoe(^  fully  a  third. 

65.  The  welding  of  steel  bars,  owing  to  their  being  so  easily  burned  by  slightly  over- 
heating, is  a  difficult  and  uncertain  operation. 

56.  Iron  is  injured  by  being  brought  to  a  white  or  welding  heat^  if  not  at  the  same 
time  hammered  or  rolled. 

57.  The  breaking  strain  is  considerably  less  when  the  strain  is  applied  suddenly  in- 
stead of  gradually,  though  some  have  imagined  that  the  reverse  is  the  case. 

58.  The  contraction  of  area  is  also  less  when  the  strain  is  suddenly  applied. 

59.  The  breaking  strain  is  reduced  when  the  iron  is  frozen ;  with  the  strain  gra- 
dually applied,  the  difference  between  a  frozen  and  unfrozen  bolt  is  lessened,  as  the 
iron  is  warmed  by  the  drawing  out  of  the  specimen. 

60.  The  amount  of  heat  developed  is  considerable  when  the  specimen  is  suddenly 
stretched,  as  shown  in  the  formation  of  vapour  from  the  melting  of  the  layer  of  ice  on 
one  of  the  spedmens,  and  also  by  the  surface  of  others  assuming  tints  of  various  shades 
of  blue  and  orange,  not  only  in  steel,  but  also,  although  in  a  less  marked  degree,  in 
iron. 

61.  The  specific  gravity  is  found  generally  to  indicate  pretty  correctly  the  quality  of 
specimens. 

62.  The  density  of  iron  is  deereated  by  the  process  of  wire-drawing,  and  by  the 
similar  process  of  cold  rolling,  instead  of  inereatedt  as  previously  imagined. 

63.  Hie  density  in  some  descriptions  of  iron  is  also  decreased  by  additional  hot- 
rolling  in  the  ordinary  way  ;  in  others  the  density  is  very  slightly  increased. 

64.  Hie  density  of  iron  is  decreased  by  being  drawn  out  under  a  tensile  strain, 
instead  of  increased,  as  believed  by  soma 

65.  The  most  highly  converted  steel  does  not,  as  some  may  suppose,  possess  the 
greatest  density. 

66.  In  cast-steel  the  density  is  much  greater  than  in  puddled-steel,  which  is  even 
less  than  in  some  of  the  superior  descriptions  of  wrought-iron. 

The  foregoing  extracts  afford  the  reader  but  a  meagre  idea  of 
Mr.  Kirkaldy^s  laborious  researches,  and  the  student  who  seeks 
more  detailed  information  regarding  his  experiments,  or  the  instru- 
ments and  method  he  adopted  in  testing  specimens,  is  referred  to 

his  book  on  the  subject. 

855.  Strenffth  of  iron  plates  lenipthways  10  per  cent, 
ipreater  than  crossways — RemoTlng:  skin  of  wron^it-lron 
does  not  liOnre  Um  tensile  strenipth. — From  Table  X.  it  appears 
that  the  average  strength  of  wrought-iron  plates  drawn  in  the 
direction  of  their  length  is  about  ten  per  cent,  greater  than  when 
drawn  across  the  grain.  The  ''set  after  fracture"  is  also  much 
greater  in  the  direction  of  the  fibres.    This  agrees  with  Mr.  Clark's 
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experiments*  as  well  as  with  my  own  experience.     With  reference 

to  the  effect  of  removing  the  outer  skin  or  glaze  on  rolled  iron, 

Mr.  Kirkaldy  observes,  "  The  generally  received  opinion,  tliat  by 

removing  the  *skin'  the  relative  strength  was  greatly 'reduced,  or 

that  a  rough  bar  was  much  stronger  than  one  turned  to  the  same 

diameter,  is  proved  to  be  erroneous."! 

856.  Bar  and  angrle  Iron  are  toother  and  strongrerthan 
lilates — Boiler  plates — Ship  plates — jBard  Iron  nnllt  fbr  ship- 
bnlldlng. — ^Both  bar  and  angle  iron  are  tougher  and  stronger  than 

plate  iron,  and  from  Table  X.  it  appears  that  Bars  of  ordinary 

sizes  are  nearly  14  per  cent,  stronger  than  plates;  perhaps  this 

does  not  apply  to  bars  of  large  section,  say  three  inches  in  diameter 

and  upwards.     The  great  demand  for  iron  ships  has  given  iise  to 

the  manufacture  of  a  cheap  quality  of  plate  iron  called  ''ship"  or 

"boat"  plates;   this  iron  is  generally  inferior  in  strength  and 

toughness  to  "boiler"  plates,  and  is  often  so  hard  and  brittle  that 

its  set  after  fracture  does  not  exceed  two  or  three  per  cent,  of  the 

length,  even  with  the  grain,  while  its  tensile  strength  is  frequently 

less  than  eighteen  tons  per  square  inch.     There  can  be  no  greater 

«  mistake  than  to  suppose  that  hard  iron  is  fit  for  ships.    Iron  plates 

which  are  tough  and  ductile  like  copper  will,  when  struck,  often 

escape  with  a  mere  dint  or  bulge,  whereas  hard  iron  under  the  same 

circumstances  will  crack  or  tear,  especially  along  a  line  of  rivet  holes. 

ZM.  liar^e  fbr^lni^  not  so  strodip  as  rolled  Iron — 
Annealing:  rednees  tbe  tensile  streng^b  of  small  Iron^  bnt 
Inereases  Its  dnetUlty — Annealing:  Injurious  to  largre  fbrgrlngrs 
— ^¥ery  prolong:ed  annealing:  li^nrioos  to  all  wroog:bt-lron — 
GxeesslTe  strain  renders  Iron  brittle. — It  is  generally  believed 
that  large  forgings  are  less  tenacious  than  small  ones.  About 
this,  however,  there  is  some  difference  of  opinion,  and  the  sub- 
ject requires  further  experiments  before  it  can  be  definitively 
settled,  t  Large  forgings  certainly  require  greater  manufacturing 
skill  than  small  ones,  and  it  is  probable  that  large  forgings,  such  as 


*  Clark  on  the  Tubular  Bridges,  p.  877.  ^ 
t  ExpU.,  p.  27. 

^  See  discuBsioxi  on  Mr.  Mallet*s  paper  on  the  CoeffidentB  of  Elasticity  and  Buptare 
in  Massiye  Forgings. — Pr<yc.  Irat,  C.  E.,  Vol.  xviii.,  p.  296.     • 
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shafts  for  marine  engines,  are  somewhat  weaker  in  tensile  strength 
than  bar  or  plate  iron  to  which  the  rolling  process  imparts  a  fibrous 
structure;  this  vilw  seems  to  be  confirmed  by  Mr.  Kirkaldy^s 
experiments  on  hammered  iron  in  Table  YI.  Annealing  small 
iron  reduces  its  tensile  strength  (854  44),  though  it  increases 
its  ductility  and  toughness,  which  are  sometimes  more  important 
qualities.  For  instance,  it  is  a  good  practice  to  anneal  old  crane 
chains  which  have  become  brittle  by  overstraining,  and  thus 
render  them  less  liable  to  snap  from  sudden  jerks.  Annealing  large 
forgings  is  injurious,  as  it  produces  a  crystalline  structure,  the 
reverse  of  fibrous,  and  very  prolonged  annealing  of  small  sized  iron 
seems  to  have  a  similar  bad  effect.*  If  an  iron  bar  be  torn  asunder 
several  times  in  succession,  its  tensile  strength  each  time  will 
apparently  increase,  because  it  first  gives  way  at  the  weakest  point, 
next  time  at  the  second  weakest,  and  so  on ;  but  though  several 
applications  of  the  tearing  strain  do  not  diminish  its  ultimate 
strength  to  resist  a  steady  pull,  they  take  the  ductility  or  stretch 
out  of  the  iron  and  render  it  hard  and  brittle  and  therefore  liable 
to  snap  from  sudden  shocks.  For  the  safe  working  load  of  wrought- 
iron  see  Chap.  XXVIII. 

IRON   WIRE. 

858.  Tensile  siren^h  of  iron  urire — ^Annealing:  Iron  wire 
rednees  Its  tensile  streni^h* — ^From  Mr.  Telford's  experiments 
it  appears  that  the  strength  of  iron  wire  -^^th  inch  diameter  =  36 
tons  per  square  inch.f  The  strength  of  the  iron  wire  used  by 
Mr.  Boebling  at  the  Niagara  Falls  suspension  bridge  was  nearly 
100,000  lbs.  (=  44*6  tons)  per  square  inch.  This  wire  measures 
18*31  feet  per  lb.,  and  is  "  small  No.  9  Grange,  60  wires  forming 
one  square  inch  of  solid  section.^' f 

The  following  table  contains  the  results  of  experiments  made  by 
M.  Seguin  on  iron-wire  of  different  sizes  and  qualities.  § 

*  Morin,  p.  47. 

f  Barlow  on  the  Strength  of  Materialif  p.  283. 

t  Parpen  and  PracUcal  lUuttratiom  of  Public  Works  of  Recent  ConttruciUm^  both 
BrUiMh  and  American,    Weale  :  1856.    pp.  16, 18. 

f  Rfywni  de$  legona  tur  Vapplication  de  la  Micanique.  Far  M.  Navier.  Bruzelles, 
1889,  p.  SO. 
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TA^BIiE  XI.—- Tkitbilb  Stbehoth  of  Ibov  Wise. 


DeflcriptionofWlre. 

Diameter. 

Tearing  weight  per 
square  milUmetre. 

Iron  wire  from   Bouigogne,  No.   8, 

annealed, 
Idem,  No.  7,  carefully  annealed,   • 

unequally 

millimetres. 
1-172 

1-002 

kilogrammes. 
38-2 

36-1 

Idem,  No.  18,  not  annealed, 

- 

3-866 

58-8 

Idem,  No.  7,  not  annealed,    - 

- 

1062 

73-7 

Fil  de  I'Algle,  employed  for  carding, 

- 

0-2294 

89-8 

Passe-perle,  rather  soft, 

•                       — 

0-5917 

85-7 

• 
Wire  from  a  factory  in  Betan^on — 

No.  1,  soft. 

- 

0-6188 

861 

2,  K)ft, 

- 

0-7078 

87-0 

3,  brittle,     - 

- 

0-7327 

80-8 

4,  brittle^     - 

- 

0-838 

76-6 

5,  very  brittle, 

- 

0-9115 

72-3 

6      - 

- 

1-022 

76-1 

7      - 

■ 

1-08 

71-2 

8,  very  brittle, 

- 

1128 

67-3 

9,  rather  brittle, 

- 

1-293 

69-8 

10,  very  soft, 

- 

1-436 

64-8 

11,  very  soft, 

•           • 

1-476 

58-6 

12     - 

- 

1-691 

55-5 

13      - 

- 

1-8 

57-2 

1 4,  very  soft,  vrithout  elasticity. 

2-072 

49-3 

15      - 

- 

2*226 

51-9 

16,  very  8oft> 

■                                        m 

2-489 

63-9 

17,  flawed,     • 

- 

2-695 

68-1 

18      - 

- 

8-087 

84-0 

19      . 

- 

3-492 

78-2 

20      . 

•                                        m 

4-14 

65-7 

21      - 

- 

4-812 

62-5 

22,  very  brittle, 

•                    ■ 

5-449 

67-7 

23,  soft, 

- 

5*942 

62-6 

NoTB. — A  millimetre  equals  very  nearly 

•04  =  A<^ 

boh;  andldlogra 

• 

mmes  per  square 

millimetre  mav  be  converted  into  tons  pei 

*  sanare  inc 

h  bv  multiplvinff 

by  0-685. 
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That  annealmg  iron  wire  seriously  impairs  its  tensile  strength 
may  be  inferred  from  the  foregoing  experiments. 

STEEL. 

850.  Tensile  strenipth^  ultimate  set  and  limit  ofelastieity 
of  steeL — The  following  table  contains  the  results  of  experiments 
on  the  tensile  strength  and  other  properties  of  steel  bars  50  inches 
long  and  1*382  inch  diameter  (=  1*5  sq.  inch),  made  by  Mr. 
Kirkaldy  for  the  "  Steel  Committee,"  the  samples  being  carefully 
turned  down  from  two-inch  square  bars.* 

TABIiE  XIL^TiNBEUi  Stbinoth  asd  Limit  of  ELAsnoiTT  of  Stul  Bab& 


Kind  of  SteeL 

Tearing  weight 
per  square  Incb. 

Ultimate 
elongation,  or 

tenalleaet 
after  fraotnre. 

limit  of 

tensUe 

elaaticitj. 

Cbuoible  Stsil. 

tons. 

percent. 

• 

tons. 

rTyree, 

86-51 ' 

9-17 

20-62 

Hammered,  <  Axles, 

40-94 

-  88-19 

8-72 

25*56 

lEwla, 

88-14, 

2-96 

.19-64 

Rolled,              Axles, 

80*62 

10-56 

18-75 

BeSSDOB  STElEb 

Tyree, 

85-09' 

11-1 

28*80 

Axles, 

88-47 

-88-98 

12-1 

21-87 

.RailB, 

88-24^ 

12-8 

21-48 

Tyres, 

82-09^ 

18-8 

19-19 

Boiled, 

Axles, 

82-22 

-81-99 

190 

17-85 

.Rails, 

81-67. 

16-0 

20-09 

Mean,        -           .           -           .           - 

88-68 

12-12 

20-88 

Table  XIII.  contains  the  results  of  additional  experiments  made 


*  ExperimmU  on  Steel  cmtf  Iron  hy  a  Cammittee  of  OivU  Bngineen,  1868-70. 
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by  the   same   Committee   at   Woolwich   Dockyard   on    various 
descriptions  of  steel  bars  10  feet  long  and  1^  inch  diameter. 

TABLE  Xin.— Tekhilb  Stbbngth  ahd  Ldot  of  Elastiofft  of  Steel  Bass. 


Kindof  SteeL 


What  the  steel  tnis 
intended  for. 


Tearing 

weight 

per square 

inch. 


Ultimate 
elongation, 
or  tensile 
set  after 
fractnie. 


limit  of 

tensile 

elasticity. 


Crucible  cast  steel  from  Swedish 
bar  mm,  chisel  temper, 

Crucible  cast  steel. 

Cast  steel,  ... 

Ditto, 
Crucible  steel,    - 

Ditto, 
Hammered  crucible  cast  steel,  - 
Crucible  steel,    ... 

Bessemer  steel,  .  -  . 

Cast  steel, 

BoUed  crucible  cast  steel, 

Bessemer  steel,  - 

Ditto, 

Ditto, 


Tyres 

Piston  rods,  &c 

•  •• 

Gun  barrels 


{Faggoted,  hamO 
mered  &  rolled) 

Piston  rods,  &a    • 


Tyres  and  axles    - 


tons. 

percent 

52-78 

5-i29 

5101 

7*29 

43*48 

4-74 

41-85 

112 

40-54 

4-18 

38-51 

7-95 

87-05 

13-54 

36-47 

9-63 

35-40 

11-18 

38*65 

0-89 

34*48 

2*02 

34-19 

11-90 

33*63 

11-48 

38-66 

18*61 

tons. 

26-00 

25-50 

26-00 

27-00 

20-50 

16-88 

25-00 

20-00 

19*50 

2675 
20*50 
20*00 
17*50 
16-50 


Mean, 


38*97 


7-48 


21-97 


Table  XTV.  gives  the  results  of  experiments  by  Sir  William 
Fairbaim  on  the  mechanical  properties  of  steel.* 


•  Brit.  At$.  Rep.,  1867. 
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Tables  XV.  and  XVI.  contain  the  principal  results  of  Mr. 
Kirkaldj's  experiments  on  the  tensile  strength  of  steel  bars  and 
plates  *    His  '*  conclusions"  respecting  steel  will  be  found  in  854. 

TABLE  XY.— TUtbili  Stbinoth  of  Stul  Babb. 
Note. — ^All  the  pieces  were  taken  prwMMswmdy  from  engineers'  or  merchants' 
stores,  except  those  marked  MinpZef,  which  were  receiyed  from  tiie  makers. 


District. 


Names  of  the  Makers 

or  Works. 


DescriptioD. 


Tearing 

Tearing 

weight 

weight 

per  square 

per  square 

Inch  of 

inch  of 

original 

fractured 

area. 

area. 

Ultimate 
elonga- 
tion, or 
set  after 
fracture. 


/ 


t 


%\ 


QQ 


:§l 


1 


T.  Tubton  avd  Sohs, 
Cast  Steel  for  Tools 
(from  Acadian  Iron), 

Thomas  Jowitt,  Cast 
Steel  for  Tools, 

Do.  do.,  Cast  Steel  for 
Chisels, 

Do.  do..  Cast  Steel  for 
Drifts, 

T.  JowiTT,  Doable  Shear 
Steel, 

BlSfUMEB  (tool),«affftp/M, 

WiLKiNBOM,  ©  Blister 

Steel, 
T.   JowiTT,  Cast  Steel 

for  Taps, 
T.  JowiTT,  Spring  Steel, 

Moss     AHD     GaMBLIS, 

Cast  Steel  for  Rivets, 

Natlobb,  Yickbbs,  and 
Co.,  Cast  Steel  for 
Rivets, 

Shobtbidoe,  Howxll^ 
AND  Co.,  Homo- 
geneous Metal, 

Do.,  dai 

Mebsbt  Co.,  Puddled 
Steel, 

Bloohauk,  Paddled 
Steel, 


Do, 
Do., 


do., 
do., 


Ebupp,  Dosseldorf ,  Cast 
Steel  for  Bolts, 


V 


) 


s  ^ 

•"2  9 


•8 

•"ill 


o.: 


Forged  from  }  inch 

rolled  bars. 
Rolled  bars,  ]  inch 

round. 

Rolled  bars,  j  inch 
round, 

Rolledbars,  -^inch, 
for  rivets, 

Forged,    - 

Forged,    • 

Rolled  bars, 

Forged  from  dabs. 

Forged  from  rolled 
bara^ 

Rolled  bars,  round. 


lbs. 

182,909 

lbs. 
189,124 

182,402 

151,857 

124,852 

150,248 

115,882 

147,570 

118,468 

147,896 

111,460 

148,327 

104,298 

182,472 

101,151 

142,070 

72,529 

95,490 

107,286 

158,018 

106,615 

158,785 

90,647 

142,920 

89,724 

121,212 

71,486 

110,451 

70,166 

84,871 

65,255 

80,870 

62,769 

71,281 

92,015 

189,484 

percent 
5-4 


5-2 

7-1 

18-8 

18-5 

5-5 

9-7 

10-8 

18-0 

12-4 

8-7 

18-7 

11-9 
19-1 

11-8 

12-0 
9-1 

15-8 


*  E^^pU,  on  Wrought  Iron  and  Sted» 
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TABLE  XVI.— Tbnsilk  Stbekoth  of  Stkkl  Piatbs. 

NOTK. — ^All  the  pieces  were  taken  promiscuously  from  engineers'  or  merchants' 
stores,  except  those  marked  aampUs,  which  were  reoeived  from  the  makers.  L  denotes 
that  the  strain  was  applied  Ungtkways  of  the  plate ;  G,  crossvoayt. 


DiBtrict 


Karnes  of  the  Makers  or  Works. 


Thick. 


I 


Tearing 
weight 
per  square 
inch  of 
original 
areSk 


Tearing 
weight 

persqaare 
inch  of 

fractured 
area. 


Ultimate 
elonga- 
tion, or 
tensile 
set  after 
fracture. 


I, 


5 


I 


T.Tobton  andSov8»  Cast  Steel, 

Natlob,  Yioebbs,  ahd  Co., 
Cast  Steel, 

Mobs  ahd  Gakbles,  Cast  Steel, 

Shobt bidoIe,  Howxll,  and  Co., 
Homogeneous  Metal, 


Do., 


do., 


Do.|  Second  Quality, 


Mebcot  Co.,  Fuddled  Steel  (Ship 
Plates), 

Mebsbt  Co.,  Puddled  Steel 
"Hard," 

Do.  "Mild,"  do., 
Do.  do.  (Ship  Plates),   • 
Blochaibit,  Puddled  Steel,    - 


Do.,  do.  (Boiler  Plates), 


inch. 

i 

i 

•ft 

i 

i 

V*ft 

i 

i 

A 

ft 

ft 


! 


^L 
C 

L 
C 

L 

LC 

C 


L 
C 

L 
C 


^L 
C 

L 

LC 


{ 


L 
C 

L 
C 


lbs. 

94,289 
96,808 

81,719 
87,150 

75,594 
69,082 

96,280 
97,150 

96,989 

72,408 
73,580 

101,450 
84,968 

102,598 
85,365 

77,046 
67,686 

71,532 

102,234 
84,398 

96,820 
78,699 


lbs. 

100,063 
111,811 

104,232 
112,018 

105,554 
112,546 

114,106 
114,300 

113,305 

81,828 
78,245 

109,552 
91,746 

107,827 
89,116 

88,240 
73,634 

77,520 

108,079 
87,877 

107,614 
76,646 


percent. 

5-71 
9-64 

17-50 
17-82 

19-82 
19-64 

<8-61 
8-93 

14-4 

5-98 
8-21 

2-79 
1-25 

4-86 
8-80 

6-16 
5-72 

8-57 

8-60 
2-68 

8-22 
4-14 


860.  9feel  plates  often  dellelent  In  nnlformlty  and  ionfrh- 
ness — ^Pnnehlnf:  as  eompared  with  drillini:  grreaily  rednees 
the  tensile  strenipth  of  steel  plates  i  streni^th  irenerally 
restored  by  annealing — ^AnneaUng:  equalises  dllferent  quali- 
ties of  steel  plates. — From  the  foregoing  table  it  appears  that 

the  difference  of  strength  lengthways  and  crossways  is  often  much 
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greater  in  steel  than  in  iron  plates,  amounting  to  nearly  20  per 
cent,  in  soijae  specimens.  The  reader  will  also  observe  that  the 
ultimate  tensile  set  of  steel  plates  is  in  general  small  compared 
with  that  of  the  tougher  kinds  of  iron  in  Table  IX.  This 
indicates  the  direction  to  which  manufacturers  of  steel  should 
direct  their  attention,  as  for  many  purposes,  especially  shipbuild- 
ing, toughness  and  ductility  are  quite  as  essential  as  great  tensile 
strength  (856).  Sometimes  steel  plates  are  so  brittle  as  to  fly 
in  pieces  under  the  hammer,  or  split  in  punching,  and  thick  plates 
are  said  to  possess  this  undesirable  quaUty  to  a  greater  degree  than 
thin  ones,  and  occasionally  they  fly  without  any  apparent  cause 
whatever  shortly  after  they  have  been  riveted  in  place.  Com- 
plaints also  are  made  of  want  of  uniformity  of  texture,  some 
plates  of  a  lot  being  all  that  could  be  desired,  while  others  of  the 
same  lot  may  be  hard  and  brittle.  Owing  to  this  uncertainty 
the  manufacture  of  steel  plates  seems  still  in  a  transition  state, 
and  consequently,  engineers  and  shipbuilders  liave  hot  made  use  of 
the  material  to  the  extent  to  which  its  superior  tensile  strength 
seems  to  destine  it. 

It  appears  from  papers  on  the  treatment  of  steel,  read  at  the 
annual  meeting  of  the  Institution  of  Naval  Architects  in  April, 
1868,  that  steel  plates,  such  as  are  now  sometimes  used  in  ship- 
building, may  be  obtained  of  a  tensile  strength  of  from  30  to  35 
tons  per  square  inch.  Punching,  as  compared  with  drilling, 
reduced  the  strength  of  Bessemer  steel  plates  33  per  cent.  It 
was  found,  however,  that  annealing  these  punched  Bessemer 
plates  restored  them  to  their  original  strength.  In  other  expert 
ments  on  mild  puddled  steel  plates  the  loss  of  strength  from 
punching  was  21  per  cent.,  and  there  was  no  benefit  from  subse- 
quent annealing.  With  mild  crucible  steel  plates  th^  loss  of 
strength  from  punching  was  7  per  cent.,  and  the  gain  of  annealed 
over  unannealed  was  14  per  cent.  Annealing  was  also  recom-  • 
mended  to  equalize  the  strength  of  steel,  as  in  a  batch  of  plates 
sent  in  by  the  same  mantlfacturer  the  plates  sometimes*  greatly  * 
difi^er,  and  a  bath  of  molten  lead  was  recommended  as  a  cheap  and 
certain  mode  of  annealing.    It  was  also  stated  that  enlarging  the 
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die  when  punching  steel,  so  as  to  give  the  die  a  large  clearance,  as 
much  as  ^^th  inch,  round  the  punch  and  make  a  taper  hole,  gave 
a  great  advantage  with  Bessemer  steel,  amounting  to  25  per  cent., 
but  in  experiments  on  iron  plates  it  was  found  that  a  greater 
clearance  than  the  usual  one  of  -^th  inch  rather  injured  the  iron. 
Mr.  Krupp  says  with  regard  to  the  treatment  of  cold  cast-steel 
boiler  plates: — "In  working  the  plates  cold,  all  sharp  turns, 
comers,  and  edges  must  be  avoided  or  removed.  The  surfaces  of 
cuts  and  rivet-holes  must,  before  bending  and  riveting,  be  worked 
and  rounded  off  as  neatly  as  possible,  so  that  no  rough  and  serrated 
places  remain  after  cutting  and  punching."  He  also  recommends 
as  a  general  rule  that  the  plates  should  be  thoroughly  and  equally 
annealed  at  a  dark-red  heat  after  every  large  operation,  and  that 
they  should  certainly  have  such  annealing  at  the  conclusion  of  all 
operations.  The  directions  given  by  him  as  to  bending  hot  are 
as  follows : — "  The  plates  should  be  heated,  preparatory  to  bend- 
ing, to  a  heat  not  exceeding  a  bright.cherry-red.  Also  the  greatest 
possible  portion  of  the  surface  should  be  heated,  and  not  merely 
the  edge,  and  even,  where  practicable,  the  whole  plate  should  be 
equally  heated.  By  this  means  the  strains  which  arise  from  local 
heating  and  cooling,  and  which  are  much  greater  in  cast-steel 
plates,  on  account  of  their  higher  absolute  and  reflex  density,  than 
in  iron,  are,  by  the  general  heating  of  the  plate,  more  equably 
distributed.  The  thickest  and  toughest  plates  can  be  broken  by 
local  heating,  bending  and  cooling.  Bends  which  cannot  be  com- 
pleted in  one,  or  at  most  in  two  consecutive  heatings,  must  be 
made  gradually  and  equably  over  the  whole  extent  to  be  operated 
on."  In  bending,  for  example,  to  an  angle  of  90®,  the  whole 
plate  should  first  be  bent  through  about  one-third  of  the  angle, 
then  through  another  third,  and  finally  to  the  complete  angle : — 
"  After  the  whole  of  these  operations,  the  plate  is  to  be  equably 
annealed  at  a  dark-red  heat,  which  will  thus  equalize  the  strains 
caused  by  the  previous  working."*  For  the  safe  working-strain  of 
steel  see  Chap.  XXVlil. 

*  Meed  on  ShifbuUding. 
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STEEL  WIBE. 

S61.  Tensile  mtren^h  of  steel  wire. — ^In  experiments  made 
for  the  Atlantic  Telegraph  the  strength  of  steel  wire  '095  inch 
diameter  was  1950tt>s.,  while  that  of  special  charcoal  wire  of  the 
same  size  was  750  Ifos.* 


VABI0U8  METALS  AND  ALLOYS. 

S68.  Tensile  strength  of  yaiioas  metals  and  alloys. — The 

following  table  contains  the  tensile  strength  of  various  metals  and 
alloys  by  several  experimenters. 

TABLE  XYII. — ^Tbnsili  Stbinoth  of  Vabious  Mbtilb  akd  Allots. 


Description  of  Metal. 


Spectflc 
gTftTity. 


Initials  of 
Experi- 
menters. 


Tearing  weight 

per 

square  inch. 


AhimininTn  Bronze, 
Brass,  Fine  Yellow  Cast, 

Do.,  Wire, 
Copper,  Wrought,  reduced  per  hammer, 

Do.,  do.,  in  bolts, 

Do.,      Cast,      - 

Do.,      do.,  Lake  Superior, 

Do.,      Sheet,    - 

Do.,      Wire,  not  annealed, 

Do.,      do.,  annealed,     - 
Gun  Metal  or  Bronze,  hard, 

Do.,  mean  of  88  gun-heads. 

Do.,  mean  of  5  breech-squares, 


Do.,  mean  of  82  small  bars  cast  in  same 

moulds  with  guns. 
Do..  smaU  bars  cast    ( ««>»  °^««lds,       - 


separately  in 
Do.,  in  finished  guns. 


clay  do., 


•__ 

Re. 

— 

R. 

D. 

— 

R. 

— 

K. 

— 

R. 

8,672 

W. 

— 

N. 

8,741 

M.D. 

8,741 

M.  D. 

— 

R. 

8,528 

W. 

8,765 

W. 

8,584 

W. 

8,958 

W. 

8,813 

W. 

— 

w.} 

]%s. 
78,000 

17,968 

91,825 

88,792 

47,986 

19,072 

24,252 

80,016 

77,604 

82,144 

86,868 

29,655 

46,509 

42,019 

87,688 


tons. 
82-59 

8-02 
40-77 
15-08 
21-40 

8-51 
10-82 
18-4 
84-6 
14-85 
16-23 
13-24 
20-76 
18-76 
16-82 


25,788  =  11-51 


28,108 
to  52,192 


10-3  to 
23-3 


*  Fairbain's  Uteful  I^formaUon  for  Engineen,  third  series,  p.  282. 
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TABLE  XVn. — ^Tebtsili  Strknoth  of  Vabioub  Metals  avd  Allots— cont»iM(«2. 


Description  of  MetaL 


Specific 
gravity. 


Initials  of 
Experi- 
menters. 


Tearing  weight 

per 

sqnareinch. 


Yellow  Sletal,  Patent,     - 

Lead,  Casti  .... 

Do.,    Sheet,      -  .  .  - 

Soft  Solder,  2  parts  tin  to  1  lead  by  wdgbt, 
Tin,  Cast,  -  .  .  - 

Do,    Banco,     .... 

Do.,        ..... 
Zino,  Cast,  .... 


K 

— 

R. 

N. 

Bx. 

— 

R. 

7,297 

W. 

— 

M.  D. 

^^^ 

S. 

lbs. 
49,185 

1,824 

1,926 

7,600 

4,786 

2,122 

2,845 

2,998 


tons 
21-9 

0-81 

0-86 

3-85 

2-11 

0-95 

1-27 

1-836 


D.  Dafonr,  AppUcation  de  la  Mieanigpte,  Navier.    Brussels  1889,  p.  85. 

M.  D.  Minard  et  Desormes,  ideaif  pp.  34,  86. 

K.  Kavier,  uiem,  p.  86. 

K.  Kingston,  Barlow  on  the  Strength  ofMaUriala,  p.  211. 

R.  Rennie,  PhUodophical  TranaacHotufor  1818,  p.  126.  « 

Rk.  Rankine's  Machinery,  p.  464.  » 

S.  Stoney.  '  • 

W.  Wade,  B^portt  on  MetaUfor  Cannon,  pp.  281,  288,  289,  290,  295. 


SM«  dun-metal  or  bronae — m^flt  temperature  at  eastlnip 
lijarloas  to  bronae.— The  proportion  of  tin  to  copper  in  the 
bronze  gan-metal  on  whif  h  Major  Wade  experimented  was  1  to  8, 
and  the  great  diversity  in  its  tenacity  seems  attributable  to  defective 
homogefneity  in  the  alloy,  some  parts  containin^more  tin  than  others, 
and  consequently  having  a  smaller  tenacity.  A  high  temperature 
at  casting  is  injurious  to  the  quality  of  bronze,  as  it  seems  to 
facilitate  the  separation  of  the  metals,  and  small  bars  are  stronger 
th^n  large  castings^  probably  because  the  former  solidify  more 
suddenly  and  are  thereby  not  allowed  a  sufficient  time  for  a  division 
of  the  alloy  into  separate  compounds:  Bronze  guns  are  cast  on 
end  in  flask  moulds,  with  the  breech  downwards,  and  a  large  extra 
head  of  metal  above  the  muzzle  to  ensure  sufficient  liquid  pressure. 
Breech-squares,  being  at  the  bottom  of  the  moulds,  are  subject  to 
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a  much  higher  pressure  than  the  gun-heads  which  are  at  the  top, 
and  they  are  consequently  both  stronger  and  denser  than  the  latter. 
The  small  bars  cast  in  the  gun  mould  are  stronger  than  those  cast 
separately,  probably  in  consequence  of  their  being  under  greater 
pressure,  and  because  they  were  fed,  as  they  solidified,  from  the 
mass  of  the  gun  with  which  they  communicated.  Major  Wade 
also  attributes  their  superiority  to  the  annealing  process  they 
underwent  after  solidification,  from  the  proximity  of  the  large 
mass  of  the  gun.* 

S64.  AMioym  of  copper  and  tin. — The  following  table  contains 
the  results  of  experiments  made  by  Robert  Mallet,  Esq.,  F.B.S., 
on  the  physical  properties  of  certain  alloys  of  copper  and  tin.f 

TABLE  XYIIL— Phtszoal  Pbopbbtisb  of  Allots  of  Cofpib  and  Tiv. 


COPPER    AND 

• 

TIN. 

Chemical 
Constitatloo. 

Composition  by 
weight  per  eent 

Spedflc 
gnrity. 

Tearing 

weight 

per  square 

inch. 

Commercial  Title. 

tons. 

10  Cu  +  Sn 

S4-29  +  16-71 

8-561 

161 

Gnn  MetaL 

9Cu  +  Sn 

82-81  + 17-19 

8-462 

15-2 

GunMetaL 

SCu  +  Sn 

81-10  +  18-90 

8-459 

17-7 

Gun  Metal,  tempers  best. 

rChi  +  Sn 

78-97  +  21-08 

8-728 

13-6 

Hard  MOl  Braases,  &c. 

Cn  +  Sn 

84-92  +  65*08 

8-066 

1-4 

Small  bellfl,  brittle. 

Cu  +  SSn 

15-17  +  84-88 

7-447 

8-1 

Speculum  Metal  of  Authors. 

Sn 

0  +  100 

7-291 

2-5 

Tin. 

NoTl.^-"  Hie  ultimate  cohesion  was  determined  on  prisms  of  0-25  of  an  inch  square, 
without  having  been  hammered  or  compressed  after  being  cast  The  weights  given 
are  thoie  which  each  prism  just  sustained  for  a  few  seconds  before  rupture." 

TIMBER. 

Sto.  Tensile  stren^tfi  of  timber. — The  following  table  con- 
tains the  results  of  experiments  by  various  authorities  on  the 

*  Report  on  MetaUfor  Cannon,  pp.  296,  299. 
f  On  the  Cfonttruction  ofAriUUry,  p.  82. 
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tensile  strength  of  timber  drawn  in  the  direction  of  the  fibres. 
For  the  safe  working-strain  see  Chap.  XXVTII, 

TABLE  XIX.~Ten8ilb  Stbxnoth  of  Timber  Lbvothwats. 


Description  of  Wood. 


TMring  weight 

per 

aquare  inch. 


Aathority. 


Alder, 
Apple, 
Aflh, 

Do. 
Beecliy 

Bo. 

Do, 
Birch, 
Box, 
Cane, 
Ceditr, 
Chemiit,  Spaniflh, 

Do. 

Do.,      Horse, 
CypreM, 

Deal,  Christiana, 
Elder, 

Fir, 

Hawthoni,   - 
HoUy,. 
Jugeb, 
Labnmmny  - 
Lanoe  Wood, 
Larch, 


lbs. 
13,900 

19,500 

16,700 

17,000 

11,500 

17,800 

22,000 

15,000 

20,000 

6,800 
11,400 
18,800 
10,500 
12,100 

6,000 
12,900 
10,000 
14,400 
12,000 
10,000 
16,000 
18,500 
10,500 
23,400 
10,220 


Moflchenbroeck. 
Bevan. 

Do. 
Barlow. 

Do. 
Muachenbroeck. 
Bevan. 

Do. 
Barlow. 
Bevan. 

Do. 
Bondelet 
Bevan. 

Do. 
Mnachenbroeck. 
Bevan. 

MuBchenbroeck. 
Bevan. 
Barlow. 
Bevan. 

Da 
Mnscbenbroeck. 
Bevan. 

Do. 
Bondelet. 
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TABLE  XIX. — ^Tbnsili  Stbbtoth  of  Timbeb  Jj^vmiKWAJti^eontinued, 


DeKriptlon  of  Wood. 


Tearing  weight 

per 

■qnareiiich. 


Anthorltj. 


Larch, 

Lemon, 

Ugnum  Yite, 

Locust-tree^ 

Mahogany,  - 
Do. 

Maple, 

Mulberty,    - 
Do. 

Oa]c,  English, 
Da,    da 
Do.,  Erench, 
Do.,  Black  Bog, 

Orange, 


Fine^  Pitch, 

Do.,   Norway,     -  -           - 

Do.,       do.  - 

Do.,    Petersbuig, 

Plane,  •     • 

Plum,           -            -  .            - 
Pomegranite, 

Poplar,        -           -  -           - 

Da           -           -  ■           - 
Anince,        .... 

Sycamore,    .           .  .           > 

Tamarind,    .           .  .            - 


lbs. 
8,900 

9,250 
11,800 
20,100 

8,000 
16,500  to  21,800 
17,400 
10,600 
12,500 
10,000 
14,000  to  19,800 
13,950 

7,700 
15,500 

9,800 

7,650 
14,800 

7,287 
18,800 
11,700 
11,800 

9,750 

5,500 

7,200 

6,750 
18,000 

8,750 


Bevan. 

Muschenbroeck. 

Bevan. 

Muschenbroeck. 

Barlow. 

Bevan. 

Da 

Da 
Muschenbroeck. 
Barlow. 
Bevan. 
Bondelet 
Bevan. 

Muschenbroeck. 
Barlow. 

Muschenbroeck. 
Bevan. 
Bondelet 
Bevan. 

Do. 
Muschenbroeck. 

Do. 

Do. 
Bevan. 

Muschenbroeck. 
Bevan. 
Muschenbroeck. 
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TABLE  iLL2L.— TbNBILI  bTREVOTH  OF  TlKBIB  hKSaTBWATB—HOKtinued. 

Deacriptton  of  Wood. 

Tearing  weight 

per 

squire  incb. 

Anthoritj. 

Ibfl. 

Teak, 

15,000 

Barlow. 

Do.,  old,  -           -           -           -           - 

8,200 

Bevan. 

Walnut,       ..... 

8,180 

MuBchenbroeck. 

Do. 

7,800 

Bevan. 

Wfllow, 

14,000 

Da 

Yew,            ..... 

8,000 

Do. 

Barlow,  Batlov  on  the  Strength  of  MttteridU,  p.  28. 

MuBchenbroeck,  idem,  p.  4. 

Bevan,  Philo$oj^dcal  MagaofM,  1826,  Vol.  Izviii,  pp.  270,  843. 

Rondelet,  TrtdgoldCt  Cofrpentry,  4th  edition,  p.  41. 

Comparing  the  foregoing  table  with  Table  YI.  (SOO),  we  see 
that  the  tensile  strength  of  most  kinds  of  wood  is  much  greater 
than  their  compressive  strength. 

S60.  Lateral  adhesion  of  the  llhrefl. — The  following  table 
gives  the  lateral  adhesion  of  the  fibres,  that  is,  the  tensile  strength 
of  timber  across  the  grain,  in  which  direction  it  is  much  weaker 
than  lengthways. 

TABLE  XX.^Tbn8iu  Stbenoth  of  Timbib  Cbosswatb. 


Deacription  of  Wood. 

Tearing  weight 

per 

■qiureinch. 

Authority. 

Fir,  Memel,             .           *           .            . 

Do.,  Sootch,           .... 

Larch,          ..... 

Oak, 

Poplar,        ..... 

Ibe. 
540  to  840 

562 

970  to  1,700 

2,816 

1,782 

Bevan. 

Do. 
Tredgold. 

Do. 

Do. 

Bevan,  PhUotophical  Magaeine,  1826,  VoL  Ixviii.,  p.  112. 
Tredgold,  Tredgold^t  Carpentry,  p.  42. 
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STONE,  BRICK,  MORTAR,   CEMENT,   GLASS. 

S69.  TciMlle  0treni^h  of  stone. — ^As  stone  is  rarely  employed 
in  direct  tension,  there  are  but  few  experiments  on  its  tensile 
strength,  and  it  would  be  desirable  to  have  these  corroborated. 

TABLE  XXL— TiVBiLi  Sthbitoth  of  Stohb. 


Name  of  MateriaL 

Tearing  weight 

per 

•quarelnch. 

Aathoritf. 

Arbroath  Pavement,           .... 
CaithneflB        do.                .... 
Craigleith  Stone,    ..... 

Hailes, 

Humble^     ...... 

Binnie^       ...... 

RedhaU, 

Whinstone,             .            .            .            .            . 

Marble,  White, 

Do.,       do.         -            -            -            -            - 

Ibfl. 
1,261 

1,054 
453 
886 
283 
279 
826 

1,469 
722 
551 

Do. 

Do.       . 
Do. 
Do. 
Do. 
Do. 
Do. 
Do. 
Hodgkinjson. 

Buchanan,  PraeUeal  Mechaniaf  Journal^  VoL  i,  pp.  237,  285. 
Hodgkinson,  Tndgold  on  the  Strength  of  Cad-iron,  p.  287. 
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868.    Tensile   strenfftfi   of  Plaster  of  Paris-  and  lilme 
mortar. — 


TABLE  XXII.— TiirsiLi  STBBraTH  of  Plastbb  or  Pabib  avd  Ldoi  Mobtab. 


Name  of  ICaterlaL 

Tearing  weight 

per 

•qoareinelL 

Authority. 

Plaster  of  Paris,       ..... 

Mortar  of  QuartEose  Sand  and  eminentlj  Hydraulic 
Lime,  well  made,  .            .            .            -            - 

Mortar  of  Qnartzose  Sand  and  ordinaiy  Hydraulic 
Lime,  well  made,  ..... 

Mortar  of  Quartsoee  Sand  and  ordinaiy  Lime,  well 
made,         .--.-- 

Mortar  badly  made,             .... 

lbs. 

71 
186 

85 

51 
21 

Bondelet 
Vicat 

Do. 

Do. 

• 

Do. 

Rondelet,  Navier't  AppUca^ion  de  la  Mioaniqtte,  p.  18. 
Vicat,  inkm. 

Tensile  streng^  of  Portland  eement  and  eement 
mortar — OrnrAnl®  matter  or  loam  Tery  liUnrlons  to  eement 
mortar. — The  following  tables  showing  the  tensile  strength  of 
cements  and  cement  mortar  are  taken  from  Mr.  Grant's  valuable 
papers  on  the  Strength  of  Cement  in  the  Proceedings  of  the  Insti- 
tution of  Civil  Engineers,  Vols.  xxv.  and  xxxii.  Proof  samples  of 
cement  are  generally  made  into  ^H^-shaped  bricks  with  rounded 
shoulders  and  1^  inches  square,  =  2*25  square  inches  area,  at  the 
waist;  these  are  immersed  in  water  as  soon  as  the  cement  sets, 
and  they  remain  immersed  tiU  the  time  of  testing. 

Artificial  Portland  cement  is  made  of  chalk  and  clay  in  certain 
definite  proportions,  carefully  mixed  together  in  water.  The 
mixture  is  then  run  off  into  reservoirs  where  it  settles,  and,  after 
attaining  sufficient  consistency  to  handle,  it  is  artificially  dried 
and  calcined  in  kilns  at  a  high  temperature,  the  calcination  being 
carried  to  the  verge  of  vitrification.  The  calcined  cement  is 
ground  in  the  ordinary  way  between  millstones,  and  for  the  sake  of 
economy  its  fineness  should  be  such  that  not  more  than  10  per  cent. 
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Is  stopped  by  a  sieve  the  meshes  of  which  are  ^^jth  of  an  inch  in 
diameter,  for  the  coarser  particles  act  to  a  great  degree  like  inert 
grains  of  sand  and  consequently  reduce  the  value  of  the  cement. 


TABLE  XXIIL— MiTBOFOLiTAir  Mai  or  Dbai  vagi— Portland  Cdcbnt, 

SiTur  DAT  Tb8T8»  from  1866  to  1871. 


Names  of  ICsnnfactaran  and  Agents. 

Qnantlty 

In 
bnshelfl. 

ATeragtt 

weight  per 

busheiL 

Number 

of 

tmta. 

Arerage  breaking 

wel^t 

on  area= I-S5  sqnare 

inchee. 

lbs. 

Ota. 

Formby,   -                       -      *     - 

81,581 

118-27 

5^0 

862-01 

Booth,       ...           - 

12,464 

119-75 

80 

846-50 

Lee  and  Co., 

612 

120-00 

10 

839-00 

Borham  Brick  and  Cement  Com- 
pany,    -           -           -           - 

820,716 

113*54 

8,705 

825-73 

Caason  and  Co.,  Agents,  - 

6,200 

114*50 

50 

816-80 

Knight,  Bevan,  and  Stnrge, 

19,429 

114*52 

820 

803-38 

Bobms  and  Co.  (Limited), 

68,880 

118-00 

620 

795*31 

White  and  Co.,     ■ 

60 

119*00 

10 

791-70 

Bnige  and  Co^  Agents,    - 

4,500 

118*00 

80 

789*30 

Hilton,      - 

103,458 

117-17 

1,800 

786*99 

Beanmont,  Agent, 

40 

116*00 

10 

765-00 

Laven,  Agent,     - 

12,002 

116*17 

160 

706-97 

Weston,    -           -           -           - 

600 

120-00 

10 

666*40 

Tonng  and  Son,  Agents, 

200 

117-00 

10 

655-80 

• 

Coles  and  Shadbolt, 

240 

107*00 

10 

580-00 

Tmgey,     .... 

6,800 

115-50 

100 

564*27 

Harwood  and  Hatcher,  Agents,   - 
G^erally, 

8,040 

117-78 

80 

408*08 

589,217 

115-28 

7,505 

806-63  =  858-5 
per  square  inch. 

NoTB — 1  cabio  foot  =  '779  bushelB. 

1  bushel  =  1*283  cubic  feet 
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TABLE  XXIY.— Rfisnlts  of  Experiments  with  PortUnd  Cement,  weighing  112  lbs. 
per  bushel,  mixed  with  different  proportions  of  Sand,  showing  the  Breaking  Weight 
on  a  sectional  area  of  2*25  square  inches. 


1  Month. 


6  Weeka 


3  Months. 


SMontha 


13  Months. 


Proportion  of 
■and  to  cement 


lbs. 
806*0 

403*6 

Broke  wind- 
ing up. 

183*5 

159-0 

108-0 


lbs. 

lbs. 

lbs. 

lbs. 

888*0 

407*5 

505-5 

541-0 

897-5 

411-0 

479-0 

564-6 

246-0 

269-5 

489-0 

482-0 

189-5 

221-0 

278-0 

819*0 

186-0 

215-0 

280-6 

868-0 

148*0 

140-5 

282-5 

852-5 

8tol 
4tol 

5tol 

6tol 
7tol 
8tol 


Organic  matter  or  loam  in  the  sand  are  very  detrimental  to 
the  strength  of  cement  mortar,  and  clean  sharp  sand,  quite  free 
from  argillaceous  matter,  will  give  the  best  result.  Portland  cement 
bears  a  much  greater  proportion  of  coarse  than  of  fine  sand,  and 
cement  mortar  should  be  mixed  rapidly  and  not  be  triturated  under 
edge  stones,  as  is  a  common  practice  with  lime  mortar.  It  is  also 
very  essential  that  bricks  or  porous  stone,  which  are  to  be  set  in 
cement,  should  be  previously  well  soaked  in  water,  as  dry  materials 
absorb  moisture  from  the  mortar  and  prevent  it  from  setting 
properly. 
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TABLE  XXY.— Results  of  Experiments  with  Portland  Cement  weighing  128  Ihs.  to 
the  imperial  bushel,  ganged  neat,  and  with  an  equal  proportion  of  dean  Thames 
Sand.  The  whole  of  the  specimens  were  kept  in  water  from  tlie  time  of  their 
being  made  till  the  time  of  testing. 


Age. 

On  ares  =  2*25  square  Incbea 

Neat  Cement 

1  of  Cement  to 
1  of  Sand. 

ATerage  breaking 

test  of  10 

experimenta 

test  of  10 
experimenta. 

7  Days 

1  Month     > 

3  Months    - 
6    Ditto     - 
9    Ditto     - 

12    Ditto     - 

2  Years       ■ 

8  Ditto 

4  Ditto 

5  Ditto       - 

6  Ditto 

7  Ditto      - 

lbs. 
817-1 

935-8 

1055-9 

1176-6 

1219-5 

1229-7 

1324-9 

1314-4 

1812-6 

1806-0 

1808-0 

1827-8 

lbs. 

853-2 
452-5 
547-5 
640-3 
692-4 
716-6 
790-8 
784-7 
818-1 
8210 
819-5 
868-6 
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TABLE  XXYL— Southern  Outfall  Works,  OrofisneeB.  Suxnmaiy  of  Portland 
Cement  Tests,  from  1862  to  1866,  showing  generally  increase  of  strength  with 
increased  specific  gravity. 


Kamber  of 
bushels. 

Avenge 
weight 

per 
biuheL 

Tearing  weight 
on 

area  =  3*36 
square  inches; 

7  days  old. 

Number  of 
bushels. 

Arerage 
weight 

per 
busheL 

Tearing  weight 
on 

area  =  3*36 
square  inches ; 

7  days  old. 

lbs. 

lbs. 

t 

lbs. 

lbs. 

1,800 

106 

472-6 

12,600 

119 

777-9 

5,800 

107 

592-8 

18,580 

120 

732-8 

26,166 

108 

660-1 

16,144 

121 

706-6 

87,086 

109 

646-6 

6,000 

122 

716-6 

20,820 

110 

708-8 

6,428 

128 

673-6 

6,900 

111 

693-8 

.18,400 

124 

819-9 

18,812 

112 

687-6 

6,400 

126 

816-2 

10,610 

113 

701-6 

1,800 

126 

657-2 

24,224 

114 

699-7 

1,800 

127 

864-6 

16,240 

116 

705-6 

8,600 

128 

916-6 

27,400 

116 

768-3 

1,820 

129 

920-2 

26,800 

117 

718-4 

1,800 

180 

918-9 

23,806 

118 

6441 

S70.  Tensile  streni^h  of  Roman  eement — Mataral  eemento 
i^nerally  inferior  to  the  artiHeial  Portland. — The  following 
tables  contain  the  results  of  Mr.  Grant's  experiments  on  the  tensile 
strength  of  Roman  cement.  This  cement  is  much  weaker  than 
Portland,  and  inferior  qualities  are  apt  to  vegetate  and  crumble 
away,  especially  if  mixed  with  loamy  sand.  Roman  cement  is  a 
natural  cement,  derived  from  argillo-calcareous,  kidney-shaped 
stones,  called  ''  Septana,"  belonging  to  the  Kimmeridge  and  London 
clay,  generally  gathered  on  the  sea-shore  near  the  mouth  of  the 
Thames,  though  sometimes  dug  out  of  the  ground.  Natural 
cements  are  found  in  various  places  at  home  and  abroad  and,  though 
generally  inferior  in  strength  to  artificial  Portland,  are  very  useful 
in  their  way. 
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TABLE  XXVn. — ^Besults  of  Experiments  with  neat  Boman  Oement,  mannfactored 

hy  Meean.  J.  B.  Whitb  and  Bbothkbcl 


in  water. 

On  Area  —  3*36  aqnare  Inches. 

Mlnimnm 

breaking 

test 

Mazimnm 

breaking 

teat 

Ayerage 
breaking 

lbs. 

lbs. 

lbs. 

7  Days 

170 

240 

202-0 

14  Ditto 

160 

190 

178-0 

21  Ditto 

170 

206 

186-5 

1  Month     - 

246 

291 

260-8 

8  Months    - 

807 

844 

822-6 

6  Ditto 

442 

602 

472-7 

9  Ditto 

818 

520 

471-1 

12  Ditto 

596 

680 

648*1 

2  Years      - 

677 

610 

546-3 

8  Ditto 

522 

647 

608-8 

4  Ditto 

600 

658 

682-2 

6  Ditto 

582 

662 

627-4 

6  Ditto 

608 

711 

666-4 

7  Ditto 

646 

780 

708-7 
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S91.  Tensile  strenith  of  Keene'Sj  Paiiaiij  and  Hedlna 
eemento. — The  following  tables  contedn  the  results  of  Mr.  Grant's 
experiments  on  the  tensile  strength  of  Keene's,  Parian  and  Medina 
cements.  The  two  former  are  chiefly  used  for  internal  decoration. 
Keene's  cement  is  made  by  soaking  plaster  of  Paris  in  alum  water, 
then  re-burning  and  grinding  it ;  Parian  cement  is  made  by  mixing 
gypsum  with  borax  in  powder,  then  calcining  the  mixture  and 
grinding  it.  Medina  is  a  natural  cement  with  rather  more  lime 
than  Koman  cement,  and  is  inferior  in  strength  to  Portland  cement, 
which,  as  already  stated,  is  an  artificial  mixture  of  chalk  and  clay. 
Quick-setting  Medina  is  useful  for  pointing  the  joints  of  marine 
masonry  which  have  been  set  in  Portland  cement.  It  hardens 
rapidly  and  prevents  the  rising  tide  from  washing  the  slower 
setting  Portland  out  of  the  joints  before  it  has  had  time  to  harden 
sufficiently  to  resist  the  action  of  water  in  motion. 

TABLE  XXIX.— Results  of  120  Ezperimeiits  with  Eeene*B  Cement,  mairafactiired  by 
Messrs  J.  B.  Whiti  and  Bbotbiss  ;  and  Parian  Cement,  mannf actured  by  Messrs. 
Francis  and  Sov& 


Age  and  tfane 
immened  In  water. 

Avenge  breaking  teat  on  area  =  2-35  sqnara  Inetaei. 

Keene'a  Cement 

Parian  Cement 

In  water. 

Out  of  water. 

In  water. 

Oat  of  water. 

lbs. 

lbs. 

lbs. 

lbs. 

7  Days  - 

543*9 

546-0 

595-1 

642-3 

14  Ditto  - 

486*9 

585-8 

600-8 

671-2 

21  Ditto  - 

603-0 

579-4 

548-4 

696-6 

1  Month 

490-2 

584-2 

544-3 

7467 

2  Months 

454-7 

648-4 

5007 

725-6 

3  Ditto  - 

508-8 

720-5 

521-1 

8537 
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-Hesolts  of  100  ExperimentB  with  Medina  Cement^  manufactiired  by 
Messn.  FRANCii^  Bbothhu^  1864. 


Onaxei 

I = 3*85  tqnare  Inches. 

Age  and  time  Immened 
In  water. 

Minimum 

breaking 

test. 

Maximum 

breaking 

test 

breaking 
test. 

lbs. 

lbs. 

lbs. 

7  Days 

83 

100 

92-1 

ditto  (2nd  Series) 

195 

235 

211-0 

14  Days 

238 

335 

303*4 

21  ditto 

274 

332 

298-0 

1  Month 

210 

846 

306-0 

8  Months 

420 

468 

448-8 

6  ditto 

876 

438 

412-4 

9  ditto 

488 

507 

457-2 

12  ditto 

456 

527 

476-9 

2  Yean 

235 

328 

276-0 

3  ditto 

200 

842 

275-5 

4  ditto 

236 

430 

287-8 

5  ditto 

245 

895 

807-0 

6  ditto 

309 

475 

3650 

7  ditto 

885 

440 

377-5 

Sn.  Adhesion  of  Master  of  Paris  and  Hortar  to  brick  or 
stone. — ^Rondelet  states  that  the  adhesive  strength  of  plaster  of 
Paris  to  brick  or  stone  is  about  two*thirds  of  its  tensile  strength, 
and  that  its  adhesion  is  greater  for  millstone  and  brick  than  for 
limestone,  and  diminishes  greatly  with  time ;  he  also  states  that 
the  adhesion  of  lime  mortar  to  stone  or  brick  exceeds  its  tensile 
strength  and  increases  with  time.* 

The  following  table  gives  the  results  of  experiments  by  Mr. 
Grant  on  the  tensile  strain  required  to  separate  bricks  cemented 
together  in  blocks  of  4,  one  on  top  of  the  other,  with  Portland 
cement  and  lime  mortars,  at  the  end  of  12  months,  f 

*  Navier,  AppUeaHon  de  la  Micaniqv^j  p.  13.  t  P^^oc  IntL  (J,  E.,  VoL  zxxii 
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TABLE  XXX.— B««iilla  of  100  Experiment  with  Mediiu  Cenkoit,  nwnnfoctared  by 
Meean.  Veaboim,  BxoTBXHa,  1361. 


Onani 

=  Mf.Iiur*li>cl>».           j 

^"tTt^"^ 

MlDlnuo 
braklDg 

Kulmimi 
braking 

ta^ 

nn. 

Ibi. 

Iba. 

7  Day.           -        . 

83 

100 

82-1 

ditto  {2iid  Beriei) 

10G 

235 

211-0 

14  IHyi 

238 

83S 

803-4 

21  ditto 

274 

SS2 

298-0 

1  Month 

210 

846 

808-0 

S  Uonthi 

420 

4S8 

443-3 

«  ditto 

878 

43S 

4124 

Sditto 

4S8 

607 

467-3 

12  ditto 

4G6 

E27 

476-9 

2  Tern 

2SS 

328 

278-0 

S  ditto 

200 

812 

276-6 

i  ditto 

286 

430 

387-8 

S  ditto 

24G 

895 

807-0 

eatto 

SOS 

475 

866-0 

7  ditto 

88E 

440 

877-6 

Wn.  Adhesion  or  Piaster  vt  Paris  aad  Mortar  ««  krlclc  or 

•tone.— Rondelet  atatea  that  the  adhesive  strength  of  plaster  of 
Paris  to  brick  or  stone  is  abont  two-thirds  of  its  tenwle  strengtb, 
and  that  its  adhesion  is  greater  for  millstone  and  brick  tHan  for 
hmestone,  and  diminishes  gre 
the  adhesion  of  lime  mortar  ti 
strength  and  increanes  with  tii 

The  following  table  givea 

Grant  on  the  tensile  strain  re 

together  in  blocks  of  4,   one 

cement  and  lime  mortars,  at  tl 

•  Navier,  Application  de  la  Micatiiqt 
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"The  pressed  gault  bricks  show  the  lowest  amount  of  ad- 
hesiveness ;  partly  because  of  their  smooth  surface,  and  partly 
because  in  making  them  some  oily  matter  is  used  for  lubricating 
the  dies  of  the  press  through  which  they  are  passed  before  being 
burnt.  In  the  case  of  the  perforated  gault  bricks  the  cement- 
mortar  seems  to  act  as  dowels,  and  the  results  are  consequently 
high.  The  Suffolk  and  the  Fareham  red  bricks,  which  each 
absorb  about  a  pound  of  water  per  brick,  adhere  much  better 
than  the  Staffordshire,  which  are  not  absorbent.  This  shows  the 
importance  of  thoroughly  soaking  bricks  which  are  to  be  put 
together  with  cement,  as  dry  bricks  deprive  the  cement-mortar  of 
the  moisture  which  is  necessary  for  its  setting."  Mr.  Robertson 
found  that  the  adhesion  of  first-class  hydraulic  mortar,  made  of 
blue  Lias  lime  and  ground  in  mortar  pans  for  forty  minutes, 
to  blue  vitrified  Staffordshire  bricks,  not  too  highly  glazed,  was 
40ibs.  per  square  inch,  aftei^  six  months;  while  to  the  hardest 
grey-stocks,  although  watered,  as  in  practice,  the  adhesion  was  only 
36  fibs.,  or  10  per  cent.  less.  To  soft  "place"  bricks,  the  adhesion 
was  only  18  lbs.,  or  55  per  cent,  less  than  to  blue  bricks.* 

S98.  C^rant's  conelnsloiis. — The  following  conclusions  are  the 
result  of  Mr.  Grant's  numerous  experiments  on  cement  during  the 
execution  of  the  Southern  Metropolitan  Main  Drainage  Works: — 

1.  Portlaad  cement,  if  it  be  preserved  from  moisture,  does  not,  like  Roman  cement, 
lose  its  strength  by  being  kept  in  casks,  or  sacks,  but  rather  improves  by  age ;  a  great 
advantage  in  the  case  of  cement  which  has  to  be  exported. 

2.  The  longer  it  is  in  setting,  the  more  its  strength  increases. 

3.  Cement  mixed  with  an  equal  quantity  of  sand  is  at  the  end  of  a  year  approximately 
three-fourths  of  the  strength  of  neat  cement. 

4.  Mixed  with  two  parts  of  sand,  it  is  half  the  strength  of  neat  cement. 

5.  With  three  parts  of  sand,  the  strength  is  a  third  of  neat  cement. 

6.  With  four  parts  of  sand,  the  strength  is  a  fourth  of  neat  cement. 

7.  With  five  parts  of  sand,  the  strength  is  about  a  sixth  of  neat  cement. 

8.  The  cleaner  and  sharper  the  sand,  the  greater  the  strength. 

9.  Veiy  strong  Portland  cement  is  heavy,  of  a  blue-grey  colour,  and  sets  slowly. 
Quick  setting  cement  has,  generally,  too  large  a  proportion  of  day  in  its  composition, 
is  brownish  in  colour,  and  turns  out  weak,  if  not  useless. 

10.  The  stiffer  the  cement  is  gauged,  that  is,  the  less  the  amount  of  water  used  in 
working  it  up,  the  better. 

♦  Proe.  Imt,  C.  B.,  Vol  xvii,  p.  420. 
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11.  It  is  of  the  greatest  Importance,  th*t  the  bricks,  or  stone^  with  which  Portland 
oeznent  ii  used,  should  be  thoroughly  soaked  with  water.  If  under  water,  in  a  quiescent 
state,  the  cement  will  be  stronger  than  out  of  water. 

12.  Blocks  of  brick-work,  or  concrete,  made  with  Portland  cement,  if  kept  under 
water  tiU  required  for  use,  would  be  much  stronger  than  if  kept  dry. 

13.  Salt  water  is  as  good  for  mixing  with  Portland  cement  as  fr^sh  water. 

14.  Bricks  made  with  neat  Portland  cement  are  as  strong  at  from  six  to  nine  months 
as  the  best  quality  of  Staffordshire  blue  brick,  or  similar  blocks  of  Bramley  Fall  stone, 
or  Yorkshire  landings. 

16.  Bricks  made  of  four  parts  or  five  parts  of  sand  to  one  part  of  Portland  cement 
will  bear  a  pressure  equal  to  the  best  picked  stocks. 

16.  Wherever  concrete  is  used  under  water,  care  must  be  taken  that  the  water  is 
stilL  Otherwise,  a  current^  whether  natural  or  caused  by  pumping,  will  cany  away  the 
cement,  and  leave  only  the  dean  ballast 

17.  Boman  cement^  though  about  two-thirds  the  cost  of  Portland,  is  only  about 
one-third  its  strength,  and  is  therefore  double  the  cost,  measured  by  strength. 

18.  Boman  cement  is  veiy  ill  adapted  for  being  mixed  with  sand. 

S94.  Tensile  strength  of  glass — Thin  plates  of  irlass 
stroBffer  than  stout  bars — Crashlnir  strenirtli  of  irlass  Is 
19  times  Its  tensUe  strenffth. — 

TABLE  XXXn.— Tbnsilb  Stbkvotr  ov  Glabb, 


Deseriptfoo  of  Glass. 

Tearing  weight 
per  iqnare  ineh. 

Anttkoriij. 

GUun  Tubes  and  Bods,     • 
Annealed  Flint  Glass  Bod, 
Common  Green  Glass  Bod, 
White  Crown  Glass  Bod, 

lbs.       tons. 
8,627  =  1-67 
2,413  =  1-07 
2,896  =  1-29 
2,646  =  1-14 

Navier. 

Fairbaim  and  Tate. 

Bo. 

Do. 

Fairbaim  and  Tate,  PhUoiophdeal  TraniocHani,  1869,  p.  216. 
Navier,  B4tum4  da  kfom  tur  Vapplication  de  la  Mioamque,  p.  37. 

In  their  experiments  on  the  resistance  of  thin  glass  globes  to 
internal  pressure^  Sir  William  Fairbaim  and  Mr.  Tate  found  that 
the  tenacity  of  glass  in  the  form  of  thin  plates  is  5,000  lbs.  per 
square  inch,  or  about  twice  that  of  glass  in  the  form  of  bars,  on 
which  they  observe : — **  The  tensile  strength  is  much  smaller  in 
the  case  of  glass  fractured  by  a  direct  strain  in  the  form  of  bars, 
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than  when  burst  by  internal  pressure  in  the  form  of  thin  globes. 
This  difference  is,  no  doubt,  mainly  due  to  the  fact  that  thin 
plates  of  this  material  generally  possess  a  higher  tenacity  than 
stout  bars,  which,  under  the  most  favourable  circumstances,  may 
be  but  imperfectly  annealed."  "The  ultimate  resistance  of 
glass  to  a  crushing  force  is  about  12  times  its  resistance  to 
extension"*  (S06). 

COBDAGE. 

S95.  Tensile  strenffth  of  eordaye. — The  following  table 
gives  the  sizes,  weights,  and  strength  of  different  kinds  of  best 
Bower  cables  employed  in  the  British  Navy.f  The  strength  was 
determined  by  the  chain-testing  machine  in  Woolwich  Dockyard, 
in  which  the  strain  is  measured  by  levers. 

TABLE  XXXIII.— Tbksili  Stbxnoth  of  Bowib  Gablbs. 


B«tt  Bower  hempen  cables,  100  fathoma. 

Kmnberof 
threads  In  each. 

Tearing  w^ght 
by  experiment. 

Circamferenoe. 

Weight 

Inches. 

23 

* 

22 
21 
18 
14} 

Owl     qTB.     lbs. 
96        2        27 
89        0        12 
80        0        22 
58        2          6 
38        0        21 

2,786 
2,520        ) 
2,268        ] 
1,656 
1,080 

Cwt     qTB.     Ibo. 
114        0        0 

89        0        0 

63        0        0 
40        0        0 

The  next  table  "  shows  the  mean  results  of  300  trials  made  by 
Captain  Huddart.  It  shows  the  relative  strength  or  cohesive 
power  of  each  kind  of  rope,  taking  as  a  standard  of  comparison  -j^th 
of  a  circular  inch,  equal  to  an  area  of  '078  or  nearly  ^'^th  of  a 
square  inch.  It  shows  that  ropes  formed  by  the  warm  register  are 
stronger  than  those  made  up  with  the  yams  cold;  because  the 
heated  tar  is  more  fluid,  and  penetrates  completely  between  every 
fibre  of  hemp,  and  because  the  heat  drives  off  both  air  and  moisture, 

•  PhU.  Tratu^  1859,  pp.  216,  246. 

t  Barlow  on  the  Strength  of  MateriaU,  p.  260. 
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80  that  every  fibre  is  brought  into  close  contact  by  the  twisting 
and  compression  of  the  strand ;  the  tar  thus  fills  up  every  interstice, 
and  the  rope  becomes  a  firmly  agglutinated  elastic  substance  almost 
impermeable  to  water.  But,  although  rope  so  made  is  both 
stronger  and  more  durable,  it  is  less  pliable,  and  therefore  the  cold 
registered  rope  is  more  generally  used  for  crane  work,  where  the 
rope  must  be  wound  round  barrels,  or  passed  through  pulleys."* 

TABLE  XXXIT.— Tensils  Stbenotb  of  Tabbid  Hxvp  Rofi. 


Sixeof 
Ropes. 


i 


Tearing  weight, 
made  bj  the  old  method. 


g  a> 

Si 


'  tt  h  ^ 


I 
Hi 

0&4R 


(.  u  « 


Tearing  weight, 
made  by  the  register. 


o  © 
oat 


hi  O  0S 


^& 


in. 
8 

3i 
4 

4i 
5 

54 
6 

64 
7 

74 
8 


in. 

IbB. 

lbs. 

IbB. 

Ibi. 

Ibi. 

lbs. 

lbs. 

0-95 

5,050 

561 

6,080 

670 

7,880 

985 

8,640 

111 

6,784 

554 

8,669 

707 

11,165 

911 

11,760 

1-27 

8,768 

548 

10,454 

653 

18,108 

819 

15,860 

1-43 

10,808 

504 

12,440 

614 

16,825 

806 

19,440 

1-69 

18,250 

580 

15,775 

681 

20,500 

820 

24,000 

1-75 

15,488 

512 

18,604 

614 

24,805 

820 

29,040 

1-91 

18,14' 

504 

21,616 

600 

24,520 

820 

88,120 

2-07 

20,583 

486 

28,628 

559 

84,645 

820 

40,554 

2-24 

22,982 

468 

27,842 

558 

40,188 

819 

47,040 

2-89 

24,975 

444 

80,757 

546 

46,125 

820 

54,000 

2-54 

26,880 

421 

82,000 

500 

52,480 

820 

61,480 

Ibfl. 

960 

906 

960 

960 

960 

960 

920 

959 

960 

960 

960 


NoTB. — ^th  of  a  drcular  inch  =  '078,  or  nearly  -^th  of  a  square  inch. 

The  proof-strain  of  rope  which  is  given  in  Table  XXXVII.  is 
about  one-half  its  tearing  weight. 

*  Glynn's  RudAtMntairy  Treatise  on  the  ConttrucUan  of  Cranes  and  Machinery^ 
pp.  93,  94. 
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SM.  Stren^tli  and  welirU  of  Cordaire — ^En^Iish  mle — 
Freneh  mle. — Hy  the  old  ropemakers'  rule  the  square  of  the 
girth  in  inches  multiplied  by  four  gave  the  ultimate  or  breaking 
strength  of  the  rope  in  cwts.,  and  it  was  a  good  rule  for  small 
cordage,  up  to  7  inches  in  girth.  The  square  of  the  girth  divided 
by  four  was  considered  to  represent  the  weight  of  a  fathom  in 
pounds.*  The  old  ropemakers'  rule  for  strength  is  equivalent  to 
2*51  tons  per  square  inch  of  section.  The  French  rule,  as  given 
by  Morin,t  allows  2*79  tons  per  square  inch  for  the  tearing  weight 
of  tarred  hemp  cordage. 

S1V.  Worklnir  strain  of  Cordage. — Cordage  rapidly  deterio- 
rates by  use  and  exposiu*e  to  the  weather,  and  when  passed 
round  barrels  or  pulleys  the  outer  strands  are  subject  *to  greater 
strains  than  those  next  the  barrel.  For  this  reason,  as  well  as  in 
order  to  diminish  useless  work,  the  diameters  of  pulleys  and  barrels 
should  be  made  as  large  as  practicable.  Experience  alone  can 
estimate  the  proper  allowance  to  be  made  for  wear  and  friction, 
which  latter  is  sometimes  excessive  in  badly  made  blocks,  and  after 
deducting  this  allowance  from  the  original  tearing  strength,  one- 
fourth  of  the  remainder  is  a  sufficient  load  for  continued  strain, 
and  one-third  for  merely  temporary  purposes,  though  workmen 
often  apply  one-half.  A  common  practical  allowance  for  friction 
in  ordinary  tackles  is  one-third  of  the  theoretic  amount;  if,  for 
example,  the  tackle  consists  of  an  upper  and  lower  block  with 
three  pulleys  in  each  block,  there  will  be  6  parts  to  the  rope  and 

the  theoretic  pull  on  each  part  will  =  -^;   the  foregoing  rule, 

however,  makes  the  pull  on  each  part  =  — ^ — ,  and  the  rope  [ 

should  therefore  be  one-third  stronger  than  if  friction  had  not  i 

existed.  ' 

CHAINS.  I 

S78.  Stad-IInk  or  Cable  chain.  —  Close-link  or  Crane 
eliain — ^Loni^  open-link  or  Buoy  chain — ^Hlddle-link  chain. — 

*  Glynn's  Rudimentary  Treatue,  p.  92. 
t  Bdmtance  det  Matiria/ux,  p.  41. 
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Stud-link  chain  is  chiefly  used  for  ships*  cables,  and  derives  its 
name  from  the  cast-iron  stud  or  stay  which  is  inserted  across  the 
shorter  diameter  of  each  oval  link  to  keep  the  sides  from  closing 
together  under  heavy  strains.  It  also  prevents  the  chain  from 
kinking,  to  which  long  links  without  stays  are  liable.  Short  or 
close-link  chain,  called  also  rigging  or  crane  chain,  is  that  in  common 
land  use.  It  is  well  adapted  f6r  crane  work  where  flexibility  is 
essential  to  enable  the  chain  to  pass  freely  round  barrels  and 
pulleys.  Long  open-link  chain  without  studs  is  used  for  permanent 
mooring  cables,  where  flexibility  is  a  secondary  object,  and  where 
lightness  is  desirable,  as  in  the  case  of  light-ships  or  beacon  buoys. 
Middle-link  chain  is  occasionally  used ;  its  link  is  intermediate  in 
length  between  those  of  the  close  and  open-Unk  chains. 

The  standard  proportions  of  the  links  of  the  different  kinds  of 
chain  are  as  follows,  in  terms  of  the  diameter  of  the  bar  of  iron : — 

Extreme  length.  Extreme  'width. 

Stud-link,      -      6  diameters.      -      3*6  diameters. 

Clos^-link,      -      5        do.  -      3*5        do. 

Open-link,     -      6        do.  -      3*5        do. 

Middle-link,  -      5'5     do.  -      3*5        do. 

End-links,      -      6*5     do.  -      4*1        do. 

End-links  are  the  links  which  terminate  each  15-fathom  length 
of  chain ;  they  are  longer  and  wider  than  the  common  links  in 
order  to  allow  the  joining  shackles  to  pass  through,  and  they 
require  therefore  to  be  made  of  stouter  iron,  generally  1*2  diame- 
ters of  the  common  links. 

SV9.  Tensile  strcB^tli  of  stnd-ckaiB. — The  following  table 
contains  the  results  of  experiments  on  the  tensile  strength  of  stud- 
chain  made  by  Mr.  William  Smale,  leading  man  of  the  test  house 
in  Her  Majesty's  Dockyard,  Woolwich.*  Mr.  Smale  found  that 
the  average  tearing  weight  of  good  round  bars  of  one  inch  diame- 
ter was  19  tons,  =  24' 19  tons  per  square  inch  of  section,  their 
greatest  strength  being  about  20  tons,  =z  25*46  tons  per  square  inch 
of  section. 

*  Report  fivm  the  Select  Chmmittee  an  Anehorgf  Ac.  (Merchant  Service),  1860. 
Appendix,  pp.  161, 152. 
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TABLE  XXXY.— TKMfSiLB  Stbenoth  ov  Srus-CHAiir. 


size 

of 

Cludii. 

of  each 
piece. 

Number 

of 
pieces 
tested. 

Mean 
tearing 
weight 

Ooyem- 
ment 
proof 

•train. 

Ratio  of 

tearing 

to  proof 

strain. 

Area 

of 

Bar. 

Tearing 

weight 
per square 

inch  of 
each  side 

of  link. 

in. 

a         in. 

tons. 

tons. 

Bq.  in. 

tons. 

fi 

24        0 

6 

9-58 

700 

1-87 

•307 

15-6 

i 

t* 

6 

13-51 

10-125 

1-33 

•442 

15-3 

1 

>« 

6 

24-25 

18-00 

1-35 

•785 

15-4 

li 

14 
If 

ti 

6 
6 
6 

29-54 
59-58 
74-126 

22-75 
40-50 
55-125 

1-30 
1-47 
1-34 

•994 
1767 
2*405 

14*9 
16-9 
15-4 

Manufactured 
by  varioDB 
contractors 
for  the 
Govemment. 

18 

» 

6 

92-88 

63-25 

1-47 

2.761 

16-8 

2 

M 

8 

99-54 

72-00 

1-38 

3-141 

15-8 

i 

2        0 

20 

20-38 

18-75 

1-48 

•601 

16-9 

n 

Single  links 

80 

78-70 

55-125 

1-42 

2-405 

16-3 

(Made  in 
<  Woolwich 
(  Dockyard. 

Mean 

— 

— 

1-39 

15-9 

Messrs.  Brown,  Lenox,  &  Co.,  inform  me  that  they  have  found 
by  experience  that  the  average  breaking  strain  of  stud-link  chain, 
up  to  2^  inches,  is  from  900  to  1,000  fibs,  per  circular  ^th  of  an 
inch  of  the  diameter  of  the  bar — equivalent  to  from  16'37  to  18*19 
tons  per  square  inch  of  each  side  of  the  link.  This  is  for  cables  of 
good  quality,  much  chain  being  made  of  a  description  of  iron  that 
will  stand  the  proof  and  but  little  more.  Hence,  stud-chain  is 
about  f  rds  as  strong  as  bar  iron  of  the  same  sectional  area  as  both 
sides  of  the  links  together ;  in  other  words,  the  bar  loses  about  33 
per  cent,  of  its  strength  by  being  converted  into  a  link. 

Ex.  A  one-mch  stud-chain  contains  64  circular  {ths,  and,  if  of  good  quality,  its 
tearing  weight  should  equal  64  X  900  =  57,600  lbs.  =  257  tons.  The  tearing  weight 
of  two  round  bars  of  good  iron,  each  one  inch  diameter,  should  equal  2  X  19  =  88  tons. 

S80.  Admiralty  Proof-straiii  for  Stud-dialii. — By  the  Chain 
Cable  and  Anchor  Act  of  1871  it  is  enacted  that  a  maker  of  or 
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dealer  in  chain  cables  or  anchors  shall  not  sell,  consign,  or  contract 
to  sell  or  consign,  nor  shall  any  person  purchase  or  contract  to 
purchase  any  chain  cable  whatever,  or  any  anchor  exceeding 
168  fibs.,  which  has  not  been  previously  tested  and  duly  stamped, 
and  where  any  chain  cable  is  brought  to  a  tester  for  the  purpose 
of  being  proved,  he  shall  test  every  fifteen  fathoms  of  it  in  the 
manner  following ;  that  is  to  say, 

1^.  He  shall  select  and  cut  out  a  piece  of  three  links  from 
every  such  fifteen  fathoms  and  shall  test  that  piece  by  subjecting 
it  to  the  appropriate  breaking  strain  mentioned  in  the  second 
schedule  to  this  Act  (see  the  last  column  in  Table  XXXVI.) : — 

2^.  If  the  piece  so  selected  fail  to  withstand  such  breaking  strain, 
he  shall  select  and  cut  out  another  piece  of  three  links  from  the 
same  fifteen  fathoms,  and  shall  test  such  piece  in  like  manner : — 

3^.  If  the  first  or  second  of  such  pieces  of  any  fifteen  fathoms 
of  cable  withstand  the  breaking  strain,  he  shall  then,  but  not 
otherwise,  test  the  remaining  portion  of  that  fifteen  fathoms  of 
cable  by  subjecting  the  same  to  the  tensile  strain  mentioned  in 
the  Act  of  1864  (see  the  Admiralty  proof -strain  in  the  7th  column 
of  Table  XXXVI.) :— 

4°.  He  shall  not  stamp  a  chain  cable  as  proved  which  has  not 
been  subjected  to  the  breaking  and  tensile  strains  in  accordance 
with  the  provisions  of  this  section,  or  has  not  withstood  the  same. 

For  stud-chain  the  Admiralty  proof -strain  equals  630  fibs,  per 
circular  ^th  of  an  inch  of  the  diameter  of  the  bar,  equivalent  to 
11*46  tons  per  square  inch  of  each  side  of  the  link.  Hence,  this 
proof -strain  for  stud-chains  is  about  two-thirds  of  the  ultimate 
strength  of  cables  of  good  quality,  and  one-half  the  strength 
of  good  round  bar  iron — i.«.,  the  Government  proof  of  a  stud- 
chain  is  equal  to  the  ultimate  strength  of  the  single  bar  of  which 
it  is  made,  supposing  this  equals  23  tons  per  square  inch,  =  18*064 
tons  per  circular  inch. 

Ex.  A  one-inoh  stad-chain  has  1'57  square  inches  of  area  in  both  sides  of  the  link 
together,  and  1'57  X  11*46  =  18  tons  =  the  proof-strain.    The  ultimate  strength  of 

good  ohain  should  reach  -  X  18  =  27  tons,  and  the  breaking  weight  of  the  single  bar 

should  not  be  less  than  18*064  tons,  =  23  tons  per  square  inch,  and  the  iron  should  be 
tough  and  fibrous  with  a  "set  after  fracture"  of  not  less  than  15  per  cent. 
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The  following  table  gives  the  proof-strains  and  weight  per  100 
fathoms  of  stud-chain  cables  for  Her  Majesty's  Naval  Service, 
also  the  appropriate  breaking  strain  referred  to  in  the  Act  of 
Parliament. 

TABLE  XXXVIv— AdIOIIALTT  PBOOV-BTBAm  AVD  AFPBOPRIATI  BSEAxfirO-BTBAIH 


70B 

Chain  Gablxb. 

DIaiBetar 
ofliwiwr 
of  which 
thsohain 
bmada. 

OoauBon  Liiika. 

Sti^Fliia, 

of  the  bar 
atthaands; 

0-6  da  at 

thaflantra. 

Walghtof 
aaehnatto 

Wflightor 

lOOfathonaofOabla 

InSlanstha. 
Iiicladliir4awhrdb 

8  Joliifaif  ahaokka, 

oottoba 

BTnearted  by  mora 

Oian  ona-flflaanth 

partftoriaaanioeh 

andnpwaroa, 

and  not  mora  than 

OBO.tw«Btialh  part 

f or  riaaa  undflr 

WalghtoflOO 

fMhOBM, 

with  tha  allowwiea 
Bddad. 

Aihnlralty 

Proof* 

atrain, 

aqiial  to 

oonta. 

par 
ithfaidk. 

Aporo- 
piiua 

braakinc 
itomfai. 

Vmn 

Imfth 

edlwoaaim 

of  tha  bar; 

nottoba 

orarmora 

"*ofm 
dkmelar. 

Maaii 

width 
t-0 

dlanatan 

of  tfaa  bar; 

Bottoba 

over  or 

wniwT  moca 

than 

ona-laath 

ofa 

QHBMUfta 

Inch. 

2} 

Inch. 
16* 

inch. 
9-9 

OZS. 
72 

cwtg.    qn.    lbs. 
363      0      0 

cwts. 
387 

qn* 
0 

ItM. 

22 

tODfl. 

136} 

tons. 

190-6 

Si 

15 

90 

64*69 

300      0      0 

820 

0 

0 

112^ 

167-5 

2| 

1^ 

8-55 

47-6 

270      8      0 

288 

8 

6 

101} 

141-9 

21 

184 

8-1 

40 

243      0      0 

259 

0 

22 

91J 

127-5 

2} 

121 

7-65 

83-684 

216      3      0 

227 

2 

9 

8U 

113-7 

2 

12 

72 

28 

192      0      0 

201 

2 

11 

72 

100-8 

li 

11* 

6-76 

23 

168      3      0 

177 

0 

21 

63i 

88-5 

H 

10} 

6-8 

18-76 

147      0      0 

164 

1 

11 

551 

77-0 

^ 

9| 

5*85 

16 

126      3      0 

133  . 

.   0 

9 

m 

66-6 

n 

9 

6-4 

11-81 

108      0      0 

113 

1 

17 

40J 

6076 

H 

8i 

4-95 

9 

90      8      0 

96 

1 

4 

34 

61-0 

U 

74 

4-5 

6-886 

75      0      0 

78 

3 

0 

28i 

42-0 

li 

«i 

4-05 

4-983 

60      3      0 

63 

3 

4 

22] 

86-5 

1 

6 

8-6 

3-6 

48      0      0 

60 

1 

16 

18 

27-0 

i 

«i 

8-15 

2-344 

86      3      0 

38 

2 

10 

13} 

20-5 

i 

H 

2-7 

1-473 

27      0      0 

28 

1 

11 

lOi 

16-0 

H 

*i 

2-476 

1-137 

22      2    21 

23 

3 

8 

84 

12-76 

i 

H 

2-26 

•854 

18      3      0 

19 

2 

21 

7 

10-6 

* 

S| 

2-025 

-622 

16      0    21 

15 

3 

22 

51 

8-26 

4 

8 

1-8 

•487 

12      0      0 

12 

2 

11 

4i 

6-76 

A 

2| 

1-676 

•293 

9      0    21 

9 

2 

16 

84 

6-26 

CHAP.  XTI.]       TENSILE  8TBEN6TH  OF  MATEBIAXS. 


845 


The  **  appropriate  breaking  strains*'  of  the  heavier  chains  are 
ahnost  exactly  16  tons  per  square  inch  of  each  side  of  the  link ; 
for  the  smaller  sizes  thej  are  about  one  ton  higher. 

Cables  generally  weigh  the  full  weight  allowed,  the  iron  being 
rolled  a  little  full  to  allow  for  waste  in  the  manufacture.  Those 
for  the  merchant  service  are  usually  made  in  lengths  of  15  fathoms 
each,  with  joining  shackles  connecting  the  lengths  together. 

S81.  €lO0e-llDk  ehaiii — ^Proof-Mralo. — ^The  Admiralty  proof- 
strain  for  close-link  chain  is  420  R>s.  per  circular  ^th  of  an  inch  of 
the  diameter  of  the  bar,  or  two-thirds  of  the  proof  for  stud-chains ; 
this  is  equivalent  to  7*64  tons  per  square  inch  of  each  side  of  the 
link,  or  nearly  one-half  the  breaking  weight  of  the  chain.  The 
following  table  gives  the  proof -strain  and  weight  per  100  fathoms 
of  close-link  chain,  the  extreme  length  of  links  not  to  exceed  5 
diameters  of  the  bar ;  it  also  gives  the  size  and  weight  of  rope  of 
equal  strength. 

TABLE  XXXVn.— Adhuultt  PBoor-BTBAUfs  roB  Clobb-ukk  Chaht. 


Diameter  of 
Chain. 

per  100 

fittbomBb 

Proof-itraiii,  eqnal 

to  430  lbs.  per 
clTcnlar  ith  inch. 

Girth  of  Rope  of 
etinal  strength. 

Weight  of  Rope 
perfiithom. 

inchee. 

cwt. 

tons. 

inches. 

Ibe. 

u 

155 

m 

— 

— 

14 

125 

27 

— 

— 

i| 

104 

22f 

— 

"~*            • 

IJ 

86 

18f 

— 

— 

H 

70 

16J 

— 

— 

1 

56 

12 

10 

22 

a 

50 

101 

»4 

191 

I 

42 

H 

9 

174 

a 

S5 

.   n 

81 

15 

i 

82 

8J 

74 

12 

« 

25 

H 

7 

104 

i 

21 

*i 

6i 

84 
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TABLE  XXXVIL— ADinBALTT  PBOor-STRAnrs  tob  Cloba-uskCeaiv— continued. 


DiuMterof 

CIUlB. 

per  100 
nthomfl. 

Proof-Atraln,  equal 

to  430  Om.  per 
drcolar  (th  inch. 

Girth  of  Rope  of 
eqnal  •tmigth. 

Weight  of  Rope 

i 

1 

A 

J 

A 

16 
18 
10 
7 
5 
8 
2 

8J 
8 

2i 
11 

i 

Siowt. 

6i 

4 

8i 
2t 
2 

7 
5 

8| 
2i 
li 

The  rope  of  the  foregoing  table  ^'  is  such  as  is  now  generally 
made  bj  machinery  at  most  of  the  large  rope  works,  but  was 
formerly  known  as  *  Patent  Rope,'  in  which  every  yam  is  made  to 
bear  its  part  of  the  strain ;  but  if  common  hand-laid  rope  be  used, 
the  proof -strain  must  be  reduced  one-fourth,  and  in  actual  work 
the  load  should  not,  at  any  time,  exceed  one-half  the  proof."* 
It  will  be  observed  that  the  diameter  of  a  close-link  chain  is 
approximately  one-tenth  of  the  girth  of  hemp  rope  of  equal 
strength. 

S88.  IiODir  opeD-lhik  chain — ^Admiralty  prool^tralii — 
Trinity  prool^traln — ^French  proof* — The  links  of  open- 
link  chain  are  not  oval  like  those  of  a  stud-chain,  but  paraUel- 
sided,  and  the  open-link  chain  of  the  same  length  of  link  as  the 
stud-chain  is  lighter  by  the  weight  of  the  studs.  As  already 
observed,  it  is  suited  for  moorings  of  a  permanent  character,  such 
as  those  of  mooring  buoys,  beacon  buoys,  or  light-ships,  which  are 
seldom  shifted,  and  where,  consequently,  flexibility  in  passing  round 
chain  barrels  is  a  secondary  object.  Besides  its  comparative  light- 
ness, open-link  chain  has  another  advantage  over  either  close-link 
or  stud-chain,  for  each  15-fathom  length  of  the  two  latter  requires 
long  end  links  for  the  purpose  of  connecting  it  by  joining  shackles 
to  the  adjoining  lengths,  and  if  either  of  these  chains  break,  a  whole 

*  Glynn  on  the  C<m9brucUon  of  Oranet^  p.  92. 
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length  must  be  taken  out,  since  there  is  not  room  for  a  shackle  to 
pass  through  the  ordinary  close-link  or  stud-link.  When,  how- 
ever, a  long-link  chain  breaks,  the  links  adjoining  the  fracture  can 
be  connected  together  without  taking  out  a  whole  15-fathom 
length,  as  a  shackle  will  generally  pass  through  any  of  the  common 
links.  The  old  Admiralty  proof  for  large  open  long-link  chain 
without  studs  was  315  lbs.  per  circular  ^th  of  an  inch,  or  one-half 
the  proof  of  stud-chain,  as  shown  in  the  following  table ;  the  links 
were  generally  of  great  length. 

TABLE  XXXYIIL— AoMZRALTT  PBOor-STRAors  roB  Pindaht  ajstd  BBmu  Chaivb. 


Dbuneter 
of  Iron. 

Proof  strain 

eqnal  to  816  Om. 

perdrcnlar 

ithincta. 

Inches. 
H 

H 

3 

2J 
2f 

2» 

24 

2 

Toxu. 
110 
95 
81 
74 
68 
62 
56 
86 

collapdon  of  link  not 
to  exceed  one  quarter 
of  an  inch. 

The  following  are  the  proofs  which  the  Elder  Brethren  of  the 
Trinity  House  require  in  testing  open-link  chains  such  as  are  used 
for  mooring  light-ships  and  beacon  buoys,  as  well  as  close-link 
rigging  or  crane  chains : — The  chains  are  subjected,  in  lengths  of 
15  fathoms,  to  a  strain  of  466  ibs.  per  circular  ^th  inch  of  the 
diameter  of  the  bar,  (equivalent  to  847  tons  per  square  inch  of 
each  side  of  the  link,  or  about  one-half  the  breaking  weight  of 
the  chain.)  This  test — which  was  determined  after  numerous 
experiments — is  the  highest  strain  to  which  open-linked  chain 
can  be  subjected  without  altering  the  shape  of  the  link,  and 
is  comparatively  much  more  severe  than  the  usual  test  for  chain 
without  studs.  In  addition  to  the  foregoing  limited  proof -strain, 
test  pieces,  4  feet  long,  are  cut  out  of  each  size  of  chain  and  the 
quality  of  the  iron  is  ascertained  by  testing  the  iron  in  one  link  of 
each  length.  The  remainder  of  each  f oar-feet  length  is  then  torn 
asunder  to  test  the  welding,  and  its  breaking  weight  must  not  be 
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less  than  16  tons  per  sqnare  inch  of  each  side  of  the  link,  or 
880  ibs.  per  circular  ^th  inch  of  the  diameter  of  the  bar.  The 
lengths  of  chain  from  which  the  test  pieces  are  taken  are  then 
made  good  and  re-proved  as  before. 

In  the  French  Marine  the  proof  for  stad-chains  ^th  inch  in 
diameter  and  upwards  equals  1 0*8  tons  per  square  inch  of  the  bar. 
For  chains  less  than  |th  inch,  without  studs,  the  proof  is  8*9  tons 
per  square  inch.* 

S88.  WorklngHiitralii  of  ehaliui  should  not  exceed  one- 
half  the  prool^traln* — Mr.  Glynn  f  states  that  chains  ^^  may 
safely  be  worked  to  half  the  strain  to  which  they  have  been 

proved,  but  not  to  more."    This  for  stud-chain  =  — ^—  =  5:73 

tons  per  square  inch  of  each  side  of  the  link,  or  about  one-third  of 
the  ultimate  strength  of  good  chain  and  one-fourth  of  that  of  round 

bar-iron.    For  close-link  chain  this  rule  allows  -^— ,  =  3*82  tons 

per  square  inch  of  each  side  of  the  link,  or  about  one-fourth  of  the 
ultimate  strength  of  common  chain  and  one-sixth  of  that  of  bar- 
iron.  When,  however,  chains  are  liable  to  shocks,  as  in  cranes, 
one-third  of  the  proof -strain,  =  2'55  tons  per  square  inch  of  each 
side  of  the  link,  will  be  a  sufficient  working  load. 

884.  C!omparatlTe  strenirth  of  stod  and  open-link  chain. — 
I  am  indebted  for  the  following  practical  observations  to  the 
courtesy  of  Messrs.  Brown,  Lenox,  &  Co.,  the  eminent  manu- 
facturers of  anchors  and  chains : — "  We  are  not  of  opinion  that 
studs  increase  the  strength  of  chain,  or  enable  it  to  bear  a  heavier 
ultimate  breaking  strain  than  if  made  without  them,  both  descrip- 
tions being  made  of  the  same  length  of  link.  The  object  of  their 
being  used  is  to  prevent  collapse  of  the  link,  which  in  open-link 
chain  takes  place  at  a  strain  considerably  below  the  breaking 
weight,  and,  of  course,  renders  the  chain  unserviceable.  They 
thereby  enable  chains,  made  with  them,  to  be  used  for  heavier 
strains  than  open-link  chain,  but  do  not  add  to  their  ultimate 

*  Morin,  Bi$i$Umee  de$  MiUiriana^  p.  42. 

t  Rudimentary  TreatUe  on  the  €f(m9irwUon  of  Cham,  p.  91. 
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strength — ^indeed,  from  the  experiments  we  have  tried,  and  the 
experience  we  have  had,  we  are  inclined  to  believe  that  the  link 
without  stay-pins  almost  invariably  breaks  at  a  higher  strain  than 
stud-chains.  The  proof  for  studded  chain  is  the  higher,  only 
because  a  sufficient  proof  cannot  be  given  to  open-Unk  chain  before 
the  link  spoils  its  form  and  becomes  rigid.  The  stay  prevents 
collapse,  by  which  the  link  is  prevented  elongating  so  much,  and 
taking  its  natural  position  before  its  utmost  power  is  exhausted 
and  a  break  ensues.  The  link,  if  sound  in  the  workmanship,  will 
nearly  always  break  near  the  stay-pin,  which  is  caused  by  the  nip 
across  the  stay-pin.  If  made  without  stays,  it  will  collapse  until 
it  is  rigid,  and  the  iron  will  r^ach  as  near  as  possible  the  direct 
line  of  the  strain,  or  right  through  the  centre  of  the  chain;  the 
sides  of  the  links  will  incline  inwards,  and  the  break  will  ensue  at 
the  nip  across  the  crown  of  the  next  link." 

885.  Weight  and  strenirtli  of  bar-iron^  stnd-diaiB^  elose- 
Unk  ehaln^  and  cordage. — The  weight  of  a  stud-chain  in  fibs, 
per  foot  is  very  nearly  equal  to  9  times  the  square  of  the  diameter 
of  the  bar;  for  instance,  a  two-inch  stud-chain  weighs  36 fibs, 
per  foot  nearly.  Stud-chain  is  about  3^  times  as  heavy  as  the 
bar  of  which  it  is  made: — ^thus,  one  fathom  of  1^  inch  stud- 
chain  weighs  about  125  lbs. — a  bar  21  feet  long  would  weigh  about 
124 fibs.  Close-link  chain  is  about  4  times  as  heavy  as  the  bar: — 
thus,  one  fathom  of  1^  chain  weighs  about  140  fibs. — a  bar  24  feet 
long  would  weigh  about  141  lbs.  Close-link  chain  is  about  12  per 
cent,  heavier  than  stud-chain  made  with  stay-pins  of  Government 
dimensions;  large  and  heavy  stays  are  introduced  by  some  manu- 
facturers into  ordinary  cables,  thereby  greatly  increasing  the  useless 
weight  of  cast-iron,  and  enabling  the  chain  to  be  sold  cheaper  by 
weight.  The  following  table  shows  at  a  glance  the  relative  weights 
and  strength  of  bar-iron,  stud-chain,  close-link  chain,  and  hemp 
cordage. 
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TABLE  XXXIX.— WnoHTs  An)  Stbinoth  of  Bab-ibov,  Chain  and  Cobdaoi. 


Wefgbtof 

100 
fltthoms: 

meter  in 
Indwe.) 


Tearing  weight 
per  iqnAre  Inch. 


Safe  Working 

itraln 
per  aqiiare  inch. 


ill  I 


Bw-iioii,  best  quality, 
Stad-chain, 
CloBe-link  chain. 
Hemp  Cordage, 


toxuL 
070«? 

2'i5cP 

2-80d» 

0-1  Id" 


tons. 

24 

100 

16  )  on  each 
>8ide  of 
16  )  link 

262 
800 

2-61 

150 

tona 


60 


578 )  on  each 
>  side  of 
3-82 )  link 

0-68 


100 
184 
814 
150 


WIRE  ROPE. 

886.  TeiMlle  strenirtii  of  roonil  Iron  and  steel  ^rire  rope« 
and  hemp  rope. — The  following  table  shows  the  strength  of  iron 
wire  rope  and  hemp  rope,  by  the  eminent  American  Engineer, 
J..  A.  Boebling,  Esq.*  The  breaking  weight  is  given  in  the 
American  ton  of  2,000  Ifos. 

TABLE  XL.— Stbinoth  of  bound  ibon  Wibb  Ropb  and  Himp  Ropb,  bt 

J.  A.  Robblino,  C.E. 


Circamference 

of  Wire  rope 

iniflchea. 

Trade 
number. 

Circamference 

of  Hemp  rope 

of  equal  strength 

ininchea. 

Tearing 

weight  in  tons 

of  2,000  Hm. 

6-62 

1 

16J 

74 

6-20 

2 

14i 

65 

5-44 

8 

18 

54 

4*90 

4 

12 

48-6 

Fine  Wire, 

4*50 
8-91 

5 
6 

lOi 

85 
27-2 

8-86 

7 

8 

20-2 

2-98 

8 

7 

16 

2-56 

9 

6 

11-4 

1 

2-45 

10 

5 

8-64 

Mtmoranda  on  the  Strength  ofMcUeriod*,  by  J.  K.  Whildin,  New  York,  p.  9. 
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TABLE  XL.— Stsenoth  or  bouhd  isov  Wnus  Bon  ahb  Hemp  Bofb,  bt 

J.  A.  BosBLiKO,  C.E. — Continued. 


■ 

Circmnferenoe 

of  Wire  rope 

InincbeflL 

Trade 
number. 

Circamferenoe 

of  Hemp  rope 

of  equal  strength 

in  inches. 

Tearing 

weight  in  tons 

of  3,000  Ibe. 

j 

4-45 

11 

10} 

86 

4*00 

12 

10 

30 

8-63 

13 

H 

25 

8-26 

14 

81 

20 

2*98 

15 

71 

16 

2*68 

16 

61 

12-8 

2-40 

17 

5i 

8-8 

212      . 

18 

5 

7-6 

Coarse  Wire, 

1-9 

19 

4-75 

6-8 

1-68 

20 

4 

4-09 

1-63 

21 

8-3 

2*83 

1-81 

22 

2-80 

213 

1-23 

23 

2-46 

1-65 

I'll 

24 

2-2 

1-38 

0-94 

25 

2-04 

103 

0-88 

26 

1-75 

0-81 

\ 

0-78 

27 

1-50 

0-56 
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TABLE  XLL— WxiQHT,  Stbbkoth,  Aim  Wobkiko  Load  of  Hemp  avd  bound  Iboh 

AND  StSIL  WiBB  R0FB%  AS  BTATBD  BT  THE  MAJfinW,  MUflflBa  NlWALL  AND  Ck). 

OF  Gatbshbad-on-Ttnb. 


Hrvp. 

Ixov. 

Stbxl. 

EqoiTftlent  Strength. 

drcmn- 
ferenoe. 
Inches. 

Lbfl. 

Weight  per 

fathom. 

Clremn- 
ference. 
Inches. 

Lba. 

Wdgbtpcr 

tstbom. 

Gircom- 
ference. 
Inches. 

Lbs. 
Weight  per 

fitthOUL 

Working 
LoAd. 
Cwt. 

TMurlng 

weight 

Tons. 

2} 

2 

1 

— 

— 

6 

2 



— 

u 

U 

1 

1 

9 

8 

8} 

4 

li 

2 

— 

12 

4 



— 

i| 

n 

u 

14 

15 

5 

*i 

5 

ij 

8 

— 



18 

6 



2 

Si 

11 

2 

21 

7 

5i 

7 

H 

4 

If 

24 

24 

8 



2J 

4i 

— 

27 

9 

6 

9 

2i 

6 

11 

8 

80 

10 

— 

2i 

64 

— 

— 

88 

11 

6* 

10 

2| 

6 

2 

84 

86 

12 

— 

— 

21 

«i 

21 

4 

89 

18 

7 

12 

2} 

7 

21 

*4- 

42 

14 

— 

8 

74 



— 

45 

15 

74 

14 

Si 

8 

21 

5 

48 

16 

— 

— 

H 

84 



51 

17 

8 

16 

3{ 

9 

24 

54 

54 

18 

— 

— 

81 

10 

21 

6 

60 

20 

81 

18 

Si 

« 
11 

2| 

64 

66 

22 

— 

— 

SJ 

12 



— 

72 

24 

H 

22 

SJ 

18 

81 

8 

78 

26 

10 

26 

14 



— 

84 

28 

— 

— 

*i 

15 

Si 

9 

90 

80 

11 

80 

*l 

16 

— 

— 

96 

82 

— 

— 

*k 

18 

Si 

10 

108 

86 

12 

84 

H 

20 

8J 

12 

120 

40 
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t89.  Tensile  strenirtti  ef  Oat  iron  and  steel  wire  ropes 
and  lint  l&emp  rope. 

TABLE  XLIL— WnoHT,  Stbbiotb  avd  WoBKnrQ  Load  or  flat  Hbhp  Ropb 

AND  FLAT  ISOV  AKD  SVEXL  WlBl  BOPIS,  A3  BTATID  BT  THS  SAlfB  MaKXBS. 


HXMP. 

Imoir. 

1 

Stbbu 

Squiralent  Strength. 

Sixein 
Inehea. 

Lbei 

Weight  per 

fAfchom. 

Site  in 
Inchea. 

Lbi. 
Weight  per 

SiMln 
inehea. 

Um. 
Weight  par 

Working 
LcwL 
Cwte. 

Tearing 

weight 

Tbna. 

4+14 

5  +1J 

54+11 
6i+14 

6  +14 

7  +1} 
84+24 
84+24 
9  +24 
94+21 

10  +2J 

20 
24 
26 
28 
80 
86 
40 
45 
50 
55 
«0 

24+4 
24+  M 

2f+4 

8  +  „ 
«J+» 
84+,, 

8J+44 

4  +  „ 
44+  J 

*4+„ 

44+,, 

11 
IS 
15 
16 
.18 
20 
22 
25 
28 
82 
84 

2  +  4 
24+4 

24+  4 

2i+| 
8  +  „ 
84+ „ 
84+ „ 

10 

11 

12 
18 
15 
16 
18 
20 

44 

52 

60 

64 

72 

80 

88 

100 

112 

128 

186 

20 
23 
27 
28 
82 
86 
40 
45 
50 
56 
60 

888.  Safe  worlilnv  load  of  wire  rope. — From  Table 
XLI.,  the  safe  working  load  of  round  hemp  or  wire  rope  is  a 
little  more  than  one-seventh  of  their  tearing  weight;  and  from 
Table  XLII.,  the  working  load  of  flat  hemp  and  wire  rope  is  about 
one-ninth  of  their  tearing  weight;  and  Messrs.  Newall  and  Co. 
state  that  ^'  round  rope  in  pit-shafts  must  be  worked  to  the  same 
load  as  flat  ropes.**  It  also  appears  from  Table  XLI.  that  the 
length  at  which  a  round  iron  wire  rope  will  break  from  its  own 
weight  is  26,880  feet;  the  working  limit  of  length  therefore, 
supposing  the  rope  has  only  its  own  weight  to  support,  is  under 
4,000  feet. 

MISCELLANEOUS  MATERIALS. 

889.  Tensile  strenf^th  of  bone^  leather^  whalebone^  i^otta- 

pereha^  ylne. — ^From  Bevan*s  experiments  it  appears  that  the 

2  A 


354 


TENSILE  STRENQTH  OF  BiATEBIALS.      [OHAP.  XYI. 


\ 


tensile  strength  of  bones  of  horses,  oxen  and  sheep  varies  from 
33,000  to  42,500  lbs.  per  square  inch .• 

The  following  are  the  results  of  Mr.  H.  Towne's  experiments 
on  the  tensile  strength  of  single  leather  belts.f 

Tearing  weight 

in  lbs. 
per  inch  wida 

Through  the  lace  holes,  -  -  -        210 

Through  the  rivet  holes,  -  •  .         382 

Through  the  solid  part,  -  -  -        675 

The  thickness  being  *219  inch,  the  tensile  strength  of  the  solid 
leather  was  3,082  lbs.,  =  1*376  tons  per  square  inch.  The  strengths 
of  new  and  partially  used  belts  were  found  to  be  nearly  identical. 
The  maximum  working  strain  may  vary  from  one-fourth  to  one- 
third  of  the  tearing  weight,  t.^.,  from  52  to  70  fbs.  per  inch  wide  of 
ordinary  ringle  belting,  but  the  former  is  the  safer  rule.  Helvetia 
leather  belting,  manufactured  by  a  peculiar  process  by  Messrs. 
Norris  and  Co.,  of  Shadwell,  London,  from  fresh  Swiss  ox  hides, 
is  stated  to  be  stronger  and  more  flexible  than  ordinary  tanned 
English  belting,  as  shown  by  the  following  table,  which  contains 
the  results  of  Mr.  Kirkaldy*s  experiments,  t 

TABLE  XLIII. — TiMBiLi  Stbekqth  of  Leatbib  Bkltivo. 


Englldi  Belting. 

UelretU  Belting. 

Double,  12  inchei, 

Ibe. 
14,861 

IbA. 
17,622 

»                 7           M 

6,193 

11,089 

»                 S           M 

5,603 

10,456 

»»                 ^           »» 

4,365 

6,207 

»»         2      „ 

2,942 

4,287 

Single,    10      „              -            - 

8,846 

11,888 

M                 5           M 

4,060 

5,426 

»»                 *           »» 

3,248 

3,948 

»»                 Of        »» 

3,007 

3,377 

•  PkU,  Mag^  1826,  p.  181.  f  Engineer,  Aug.,  1868,  p.  145. 

:;;  The  Engineer,  Aug.,  1872,  p.  125. 
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Professor  Bankine  states  that  the  tenacity  of  raw  hide  is  about 
once  and  a  half  that  of  tanned  leather,  and  that  the  tenacity  of 
whalebone  is  7,700  ibs.  per  square  inch.*  Mr.  Box  states  that 
the  tensile  strength  of  gutta-percha  is  1,680  lbs.,  =  *75  ton,  per 
square  inch,  and  that  in  belting  it  will  bear  about  400  fibs,  per  square 
inch.t 

Sevan  found  that  the  adhesion  of  common  glue  to  dry  ash 
timber  amounted  to  715  ibs.  per  square  inch  when  the  glue  was 
freshly  made  and  the  season  was  dry;  when  the  glue  had  been 
frequently  melted  and  in  the  winter  season,  the  adhesion  varied 
from  350  to  560  ibs.  per  square  inch.  The  tensile  strength  of 
solid  glue  was  4,000  lbs.  per  square  inch.^ 

•  Machinery^  p.  476. 
t  Box  on  MiUgearing,  p.  69. 
'  It  Ph^U,  Mag.,  1826,  Vol.  Ixviii.,  p.  112. 
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CHAPTER    XVII. 


SHEARING-STBAIN. 


80O.  Sheaiinir  in  detail — Kimaltaneoos  shearinir* — ^The 
nature  of  Bhearing-strain*  In  the  vertical  web  of  ^rders  has  been 
ahready  investigated  in  the  second  chapter,  and  we  have  frequent 
examples  of  the  same  kind  of  strsun,  though  on  a  smaller  scale,  in 
rivets  or  similar  connexions  which  sustain  forces  tending  to  cut 
them  across  at  right  angles  to  their  length.  For  example,  the 
rivet  joining  the  blades  of  a  pidr  of  scissors  is  subject  to  a  shearing- 
strain  equal  to  the  pressure  applied  to  the  handles,  plus  the 
resistance  of  the  fabric  which  is  being  cut.  The  latter  also  is 
subject  to  a  shearing-strain,  differing,  however,  in  character  from 
that  which  the  rivet  sustains  in  consequence  of  the  inclination  of 
the  blades  which  sever  only  a  short  letigth  of  the  fabric  at  a  time. 
Machines  for  shearing  metals  act  on  this  principle,  their  cutting 
edges  being  generally  set  at  an  acute  angle  to  each  other,  so  that 
they  shear  plates  in  detail,  and  thus  diminish  the  effort  exerted  at 
each  instant  of  time ;  in  punching  machines,  however,  the  whole 
circumference  of  the  hole  is  cut  at  the  first  effort,  and  subsequent 
pressure  is  merely  necessary  to  overcome  friction  and  push  out  the 
burr.  The  shearing-strains  which  occur  in  engineering  structures 
generally  resemble  that  which  rivets  sustain,  where  the  whole 
transverse  area  simultaneously  resists  shearing.  In  this  case  it  is 
clear  that  the  strength  of  the  rivets  is  proportional  to  their  sectional 
area;  in  other  words,  if  F  and  /  represent  the  total  and  the  unit 
shearing-strains,  eq.  1  will  apply  to  shearing  as  well  as  to  tensile 
and  compressive  forces,  provided  always  that  the  cutting  edges 
bear  simultaneously  over  the  whole  surface  of  the  rivet  or  material 
under  strain. 

*  Called  Detrtaion  by  some  authors. 
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891.  Sheaiinir  strength  of  ca«t-lroii. — The  shearing  strength 
of  ca8t-u*on,  aocording  to  Professor  Kankine,  is  27,700  lbs.  =  12-37 
tons  per  square  inch.  In  my  own  experiments  I  have  found  its 
shearing  strength  equal  to  8  or  9  tons  per  square  inch,  which 
is  substantiallj  the  same  as  its  tensile  strength. 

898.  Experiments  on  pnnehinir  wrooffht-iron. — Table  I. 
exhibits  the  results  of  experiments  made  at  Bristol  by  Mr.  Jones, 
'^  on  the  force  required  for  punching  different  sized  holes  in  different 
thicknesses  of  plates,  up  to  1  inch  diameter  and  1  inch  thickness ; 
the  force  was  applied  by  means  of  dead  weights  with  a  pair  of 
levers  giving  a  total  leverage  of  60  to  1,  so  that  1  cwt.  in  the  scale 
gave  a  pressure  of  3  tons  on  the  punch ;  the  weights  were  added 
gradually  by  a  few  ibs.  at  a  time  until  the  hole  was  punched."* 

TABLE  I.— ExPSBiHKifTS  on  Punohino  Plate  Iron. 


DUmeter 
of  hole. 

Thickness 
of  plate. 

SeetiooAl  area 
cut  throagta. 

Total  preatnre 
on  Punch. 

Pressore 

per  square  inch 

of  area  cat 

inch. 

inch. 

square  inch. 

tons. 

tons. 

0-250 

0-437 

0-344 

8-384 

24-4 

0-600 

0-625 

0-982 

26-678 

27-2 

0-750 

0-625 

1-472 

84-768 

23-6 

0-875 

0-875 

2-405 

55-500 

231 

1-000 

1-000 

8-142 

77-170 

24-6 

Table  II.  contains  experiments  by  Mr.  C.  Little  on  punching 
holes  in  hammered  scrap  iron  with  Eastwood's  hydraulic  shearing 
press,  the  force  applied  being  measured  by  weights  hung  on  the 
end  of  the  force-pump  handle.  This  method  of  measurement  is 
not  so  accurate  as  that  by  direct  leverage,  since  the  friction  of  the 
press  is  rather  an  uncertain  element  in  the  calculation.t 

•  Proe.  Inst.  Mech,  Eng.,  1858,  p.  76. 
t  Idem,  p.  73. 
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TABLE  IL— ExPXBiKBNTB  OK  PuNCHiKO  Hammxbid  Sobap  Ibov. 


No.  of 
experi- 
ment. 


DUmeter 

of 
Punch. 


Sectional  area  cut. 


Thlcknew 

and 

drciunference. 


Area. 


Pressure  on  Punch. 


Total. 


Tons 
per  Mmare 
Inch  of  area 

cut 


RemarlLS. 


1 
2 
8 
4 
5 
6 


IBB, 
1 
1 
2 

2 
2 


inches. 
0-61 X  3-14 
0-98X814 
0-62  X  6-28 
0*57  X  6-28 
1-06  X  6-28 
1-52  X  6-28 


sq.  ins. 

tons. 

1*60 

86-8 

8-08 

69-8 

8-27 

69-7 

8-58 

70-5 

6-66 

182-8 

9-56 

1867 

« 

tons. 
22-4 
22*6 
18-8 
197 
19-9 
19-5 


22'5  mean. 


)  19-4  mean. 


898.  Kxperlments  on  sheaiinir  wroairbi-ii*oii. — Table  III. 
contains  experiments,  also  by  Mr.  Little,  with  Eastwood^s  hydraulic 
shearing  press,  on  the  force  required  to  shear  bars  of  hammered 
scrap  and  rolled  iron  presented  edgeways  and  flatways  to  the  cutter. 

TABLE  IIL— ExpEBiviNTS  oh  Shiabiko  Hakkbbxd  Scrap  Babs  and  Rolled  Ibok. 


Direc- 

No of 

tion 

experi- 

of 

ment 

shear- 

ing. 

Sectional  area  cut. 


Thickness 

and 
bi'eadth. 


Area. 


Pressni  e  on  Cuttera 


Total. 


Tons 

per  square 

inch  of 

area  cut 


Bemarks. 


7 
8 
9 
10 
11 
12 
18 


Flat 

Edge 

Flat 

Edge- 

Flat 

Edge 

Edge 


inches. 
0-60X8-00 

0-60  X  800 

1-00X8-00 

1-00X3-00 

1-00X8-02 

1-00X8-02 

1-80X6-00 


sq.  ins. 

tons. 

tons. 

1-60 

83-4 

22-8 

1-60 

84-6 

28-1 

8-00 

69-2 

28-1 

8-00 

681 

227 

8-02 

697 

19-8 

8-02 

62-1 

20-6 

10-20 

210-6 

20-6 

227  mean. 


I 

OS 


r 


21*6  mean. 


I 


-2 


Flanged  tyre. 
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TABLE  IIL— EXFBBIICXNTS  on  SHXASiira  WEOVQBT-lw>v—<(mUnn€cL 


No.  of 
ezperi- 


Direc- 
tion 
of 

•hear- 
iog. 


Socttonal  area  ent. 


Thlekii( 
and 
braadth. 


PrMmn  on  Catten. 


TotaL 


Tom 

per  square 

inch  of 

area  cut. 


14 

Flat 

15 

Edge 

16 

Flat 

17 

Edge 

18 

Flax 

19 

Edge 

20 

Flat 

21 

Edge 

22 

Flat 

28 

Edge 

24 

Flat 

25 

Edge 

26 

Hat 

27 

Bdge 

inches. 
0-56  X  8-00 

0-56  X  8-00 

0-90X8-87 

0-87  X  8-82 

1-06X8-02 

106X802 

1  •62X8-08 

1-58  X  8*08 

l'89X4-50 

1-88X4-50 

1-78X5-80 

1-78X5-80 

1-56  X  6-00 

1-56X6-00 


■q.  ina. 
1-68 

1-68 

8-08 

e-89 

820 

8-20 

4-61 

4-64 

6-25 

6-21 

917 

9-17 

9-86 

9-86 


tons. 
21-2 


tons. 
12-6 


88-2 

19-7 

27-4 

9-0 

57-4 

19-8 

50-2 

15-7 

67-5 

21-1 

887 

18-2 

98-8 

201 

89-7 

14-8 

111-2 

17-9 

1581 

16-7 

207-0 

22-6 

140-0 

150 

172-8 

18-4 

Bemaxfcs. 


•s 


.5 

O 

I 


•8 

0 


28 
29 
80 
81 
82 


Square 

Square 

Flat 

Edge 

Edge 


8-10X810 
8-10X8-10 
1-80X5-00 
1-80X500 
1-70X5-25 


9-61 

9-61 

10-20 

10-20 

10-57 


165-1 
155-5 
99-8 
185-5 
179-5 


17-2 
16-2 
9-7 
18-2 
17-0 


Hammered  iron. 
RolMlion. 
Flanged  tyrei 
Flanged  tyre. 
Flanged  tyre. 


.a 


'^In  the  above  experiments  of  shearing  (Nos.  7  to  13  inclusive), 
cutters  with  parallel  edges  were  used ;  but  when  the  ordinary  cutter 
with  edges  inclined  to  one  another  at  an  angle  of  1  in  8  were  em- 
ployed (Nos.  14  to  32  inclusive),  the  force  required  in  shearing 
was  diminished,  and  considerably  so  in  the  case  of  the  thinner 
sections  when  sheared  flatways;  and  as  bars  are  usually  sheared 
flatways,  a  decided  advantage  is  shown  in  favour  of  inclined  over 
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parallel  catters.    The  force  in  tons  per  square  inch  of  section  cut 
with  the  bars 

-    FUitwajrs.  Edgetrays. 

tOIUL  tooo. 

8  Xli  inch  wm  18-2  and  20-1  or  10  per  cent.  lesB  flfttways. 

4tXl|  „  14-8         „  17-9  „  20 

8  XI  „  rt-7         „  21 1  „  26 

6JX1I  „  16-7         „  22-6  „  26 

«  X14  „  160         „  18-4  „  18 

^*  A  trial  was  also  made  of  the  force  required  to  shear  some  hard 
railway  tyres  1|  inch  thick,  and  the  result  was  185  tons  total 
edgeways,  and  99  tons  flatways  (Nos.  30  and  31).  A  3  inch  square 
bar  of  rolled  iron  was  also  tried,  and  the  force  required  was  155 
tons  total,  against  a  total  of  165  tons  required  for  a  hammered  bar 
of  the  same  section  (Nos.  28  and  29)."* 

During  the  construction  of  the  Britannia  and  Conway  tubular 
bridges  several  experiments  were  made  by  means  pf  a  lever  on  the 
shearing  strength  of  bars  of  rivet  iron  ^th  inch  diameter.  ^^  The 
mean  result  from  these  experiments  gives  23*3  tons  per  square 
inch  as  the  weight  requisite  to  shear  a  single  rod  of  rivet  iron  of 
good  quality.  The  ultimate  tensile  strength  of  these  same  bars 
was  also  found  to  be  24  tons;  hence  their  resistance  to  single 
shearing  was  nearly  the  same  as  their  ultimate  resistance  to  a 
tensile  strain."  Two  plates  |th  inch  thick  were  also  "riveted 
together  by  a  single  rivet  ^th  inch  diameter,  and  the  rivet  was 
sheared  by  suspending  actual  weights  from  the  plate;  the  rivet 
thus  sustained  12*267  tons,  or  20*4  tons  per  square  inch.  Three 
plates  were  then  united  by  a  similar  rivet,  and  the  rivet  was 
sheared  in  two  places  by  the  centre  plate.  The  ultimate  weight 
suspended  from  the  rivet  was  26*8  tons,  or  22*3  tons  per  square 

inch  of  section."! 

•94.  Shearinip  streo^th  of  wresi;ht-iroH  equals  its  tensile 
streaytli. — ^From   these  various  experiments  on  punching  and 

shearing,  we  may  infer  that  the  shearing  strength  of  wrought-iron 

is  practically  equal  to  its  tensile  strength,  and  that  the  safe  shearing 

*  Proc,  Intt.  Mech.  Bng,,  1858,  p.  74. 
t  Clark  <m  the  TuMar  Bridget,  p.  892. 
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unit-strain  for  wrought-iron  rivets  or  bolts  is  practically  the  same 
as  the  safe  tensile  unit-strain  in  the  plates  they  connect,  t.e.,  about 
5  tons  per  square  inch  of  section  in  ordinary  girder-work. 

S95.  Shearinip  streHfrth  of  rivet  steel  Ui  three-flbarth» 
of  Its  teuile  strength. — From  Mr.  Kirkaldy^s  experiments  it 
appears  that  the  shearing  strength  of  rivet  steel  is  63,796  fibs., 
=  28*48  tons  per  square  inch,  the  tensile  strength  of  the  bar 
employed  being  86,450  fibs.,  =  38*59  tons  per  square  inch  of  area.* 
Hence,  the  shearing  strength  of  rivet  steel  is  about  three-fourths 
of  its  tensile  strength.  The  tensile  strength  of  some  rivet  steel 
used  in  one  of  H.M.  ships  was  35*93  tons  per  square  inch.f  The 
heads  of  steel  rivets  are  very  apt  to  fly  off,  and  Lloyd's  committee 
have  prohibited  their  use  in  shipbuilding. 

•96.  Shearinif  strength  of  eopper. — ^From  experiments  by 
Mr.  Joseph  Colthurst  on  punching  plates  of  wrought-iron  and 
copper  with  a  lever  apparatus,  it  appears  that  the  force  required 
to  punch  copper  is  two-thirds  of  that  required  to  punch  iron.  '*  It 
was  observed,  that  duration  of  pressure  lessened  considerably  the 
ultimate  force  necessary  to  punch  through  metal,  and  that  the  use 

of  oil  on  the  punch  reduced  the  pressure  about  8  per  cent."t 

•97.  Shearlnip  strengrth  of  llr  in  the  dlreetlon  of  the 
grain  —  Shearing  strength  of  oalc  treenails. — From  Mr. 
Barlow's  experiments  on  the  resistance  of  fir  to  drawing  out,  t.«., 
shearing,,  in  the  direction  of  the  grain,  it  appears  that  this 
amounts  to  592  fibs,  per  square  inch,  or  nearly  one-twentieth  of 
the  tensile  strength  of  the  timber  lengthways.  § 

The  following  table  contains  experiments  by  Mr.  Parsons  of 
H.M.  dockyard  service,  on  the  '*  transverse  strength  of  Treenails 
of  English  oak,  used  as  fastening  for  planks  of  3  and  of  6  inches  in 
thickness,  and  subjected  to  a  cross  strain."! 

*  Bsq)enmentol  Inquiry,  p.  71. 
f  Reed  on  Shipbuilding,  p.  882. 
X  Proc.  Inst,  of  0,  E.,  Vol.  i.,  p.  60. 
§  Barlow  on  the  Strength  of  MateridU,  p.  23. 
Murray  on  Shipbuilding  in  Iron  and  Wood,  p.  94. 
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TABLE  rV.— SnuENOTH  or  Tbiinailb  of  Enoush  Oak. 


Number 

of  the 

ex- 

peiimenth 

DIAMETER     OF     THE     TREENAILS. 

lincfa. 

lilncb. 

lilncb. 

If  inch. 

THICKNESS    OF    THE     PLANK. 

Siachea 

eincbea 

Slnchea 

6  inches. 

8  inches. 

6  inches. 

8  inches. 

6  inches 

1 

2 

8 

4 

5 

6 

7 

8 

9 

10 

11 

12 

18 

T.   a 
1     8 
1     7 
1    2 

1  5J 

2  12 
2    2 
2    4 
1    6 
1    8 

1  2 

2  0 
1    8 
1  16 

T.  a 

1    7 
1  15 
1    8 
1    8 
1    8 
1    7 

1  10 

2  8 

1  8 

2  8 
2    0 

1  7 

2  8 

T.  a 

1  14 

2  2 

1  17 

2  2 
2    2 
2    9 
2    8 
2    7 
2  12 
2  10 
2    7 
2  10 
2  17 

T.    0. 
2    8 
2    2 
2  19 
2    2 

1  16 

t 

2  10 
2  10 
2    0 
2  10 
2  16 
2    0 
2    0 
2    0 

T.  a 
2     0 
2    6 
2  15 
2    4 
2  18 
2    6 
8    7 
2    5 
8    0 
8    0 
8    9 
4    2 
8    2 

T.  C. 
8  12 
2  10 
2  10 
8  12 
2    5 
2    5 

i  5 

8    0 
4    0 
4  10 
2  18 

a  0 

8  18 

T.  a 
8     0 
2  10 
4    0 
2    8 
8  10 
8  10 
8    5 
8    5 
4    6 
8    8 
4    0 
4  10 
4    2 

T.  a 
5  10 
8  18 
4    0 
8    8 

4  0 

5  8 
8  12 
8  18 
4  18 

4  0 
8    8 

5  0 
5    5 

Average 

1  11 

1  18 

2    6 

2    6 

2  16 

8    2 

8  10 

4    6 

Total 
Shearing 
force  in 

tonB. 

1-6 

2-8 

2-95 

8-9 

Tons  per 

square 

inch  of 

section. 

2-04 

1-88 

1-67 

1-62 

'^In  all  these  experiments  where  the  treenails  were  evidently 
good,  they  gave  way  gradually.  In  some  of  the  rejected  experiments, 
however,  the  treenails  certainly  did  break  off  suddenly,  but  then 
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they  were  evidently^  on  examination,  either  of  bad  or  over-seasoned 
material.     In  the  experiments  on  treenails,  the  plank  generally 
moved  about  half  an  inch  previous  to  the  fracture  of  the  treenail." 
From  these  experiments  Professor  Kankine  deduces, 

1.  That  the  shearing  strength  of  English  oak  treenails  across  the 

grain  is  about  4,000  fibs,  per  square  inch  of  section. 

2.  That  in  order  to  realize  that  strength,  the  planks  connected 
by  the  treenails  should  have  a  thickness  equal  to  about  three  times 
the  diameter  of  the  treenails.* 

♦  Civil  Engineering,  p.  459. 
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•98.  lilmit  of  RlMtlcity— 9eiH-Hooke'0  Uw  of  elMticUy 
practically  trac. — It  has  been  akeadj  stated  in  5  that  Mr. 
Hodgkinson's  experiments  led  him  to  infer  the  non-existence  of  a 
definite  elastic  limit  within  which,  if  the  particles  of  a  substance  be 
displaced,  they  will  return  exactly  to  their  original  relative  positions 
after  the  disturbing  force  is  removed.  The  opposite  view  was  held 
by  Professor  Bobison,  whose  opinions  are  also  entitled  to  great 
respect.  In  the  article  on  the  "  Strength  of  Materials"  in  the 
Encychpcedia  Britannica,  he  writes  as  follows : — "  It  is  a  matter  of 
fact  that  all  bodies  are  in  a  certain  degree  perfectly  elastic ;  that 
is,  when  their  form  or  bulk  is  changed  by  certain  moderate'  com- 
pressions or  distractions,  it  requires  the  continuance  of  the  changing 
force  to  continue  the  body  in  this  new  state ;  and  when  the  force 
is  removed,  the  body  recovers  its  original  form.  We  limit  the 
assertion  to  certain  moderate  changes.  For  instance,  take  a  lead 
wire  of  one-fifteenth  of  an  inch  in  diameter  and  ten  feet  long ;  fix 
one  end  firmly  to  the  ceiling,  and  let  the  wire  hang  perpendicular ; 
affix  to  the  lower  end  an  index  like  the  hand  of  a  watch ;  on  some 
stand  immediately  below,  let  there  be  a  circle  divided  into  degrees, 
with  its  centre  corresponding  to  the  lower  point  of  the  wire ;  now 
turn  this  index  twice  round,  and  thus  twist  the  wire.  When  the 
index  is  let  go,  it  will  turn  backwards  again,  by  the  wire  untwisting 
itself,  and  make  almost  four  revolutions  before  it  stops ;  after  which 
it  twists  and  untwists  many  times,  the  index  going  backwards  and 
forwards  round  the  circle,  diminishing,  however,  its  arch  of  twist 
each  time,  till  at  last  it  settles  precisely  in  its  original  position. 
This  may  be  repeated  for  ever.  Now,  in  this  motion,  every  part 
of  the  wire  partakes  equally  of  the  twist.  The  particles  are 
stretched,  require  force  to  keep  them  in  their  state  of  extension 
and  recover  completely  their  relative  positions.    These  are  all  the 
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characters  of  what  the  mechanician  caHs  perfect  elasticity.  This 
is  a  qualily  quite  familiar  in  many  cases,  as  in  glass,  tempered  steel, 
&c.y  but  was  thought  incompetent  to  lead,  which  is  gener^illy 
considered  as  having  little  or  no  elasticity.  But  we  mal^e  the 
assertion  in  the  most  general  terms,  with  the  limitation  to  n)f)derate 
derangement  of  form.  We  have  made  the  same  experiment  on  a 
thread  of  pipe-clay,  made  by  forcing  soft  clay  through  the  small 
hole  of  a  syringe  by  means  of  a  screw,  and  we  found  it  more  elastic 
than  the  lead  wire;  for  a  thread  of  one-twentieth  of  an  inch 
diameter  and  seven  feet  long  allowed  the  index  to  make  two  turns, 
and  yet  completely  recovered  its  first  position.  But  if  we  turn  the 
index  of  the  lead  wire  four  times  round  and  let  it  go  again,  it 
untwists  again  in  the  same  manner,  but  it  makes  little  more  than 
four  turns  back  again ;  and  after  many  oscillations,  it  finally  stops 
in  a  position  almost  two  revolutions  removed  from  its  original 
position.  It  has  now  acquired  a  new  arrangement  of  parts,  and 
this  new  arrangement  is  permanent  Hke  the  former;  and  what  is 
of  particular  moment,  it  is  perfectly  elastic.  This  change  is 
familiarly  known  by  the  denomination  of  a  set."* 

Whatever  opinion  the  reader  may  hold  regarding  the  existence 
or  non-existence  of  a  definite  elastic  limit,  experiments  prove  that 
Hooke's  Law  of  Elasticity,  namely,  that  the  elastic  reaction  of  the 
fibres  is  proportional  to  their  increment  or  decrement  of  length, 
according  as  they  are  subject  to  tension  or  compression,  is  for  all 
practical  purposes  substantially  true  of  most  of  the  materials  used 
in  construction  over  a  very  considerable  range  of  strain,  extending 
in  some  cases  even  to  the  breaking  weight  of  the  material  (9). 

CAST-IBON. 

•99.  DccremeDt  of  leDfrth  aDd  set  of  ca«t-lroH  In  com- 
pressloii — CaeUkelent  of  compresslTe  eUmiltHj. — ^We  are  in- 
debted to  Mr.  Hodgkinson  for  some  valuable  experiments  on  the 
decrements  of  length  and  compressive  sets  of  eight  bars  of  cast-iron, 
each  10  feet  long  and  1  inch  square  nearly.  The  first  pair  of  bars 
were  Low  Moor  iron  No.  2 ;  the  second  pair,  Blaenavon  iron  No.  2 ; 

*  Bnc.  BriL,  8th  Ed.,  Vol  zz.,  p.  749,  Art  "  Starength  of  Materials." 
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the  third  pair,  Gartsheme  iron  No.  3;  and  the  fourth  pair,  a 
mixture  of  Leeswood  iron  No.  3  and  Glengamock  iron  No.  3,  in 
equal  proportions.  Table  I.  contains  the  mean  of  these  experiments 
reduced  to  a  convenient  unit-strain  by  Mr.  Clark,  and  I  have 
added  in  the  last  column  the  coefficients  of  compressive  elasticity 
per  square  inch,  obtained  by  dividing  the  original  length,  viz., 
120  inches,  by  the  decrements  of  length  per  ton  in  the  second 
column  (8).* 

TABLE  I.— Dbobikints  or  Lenoth  asd  Cokfrkssivb  Sits  of  ▲  Cabt-ibov  Bab 

10  Fbet  Long  avd  1  iNoa  Squabb. 


Tons 

peraqoare 

IndL 

Deeromenta  of  length 
per  ton. 

of  lengtb. 

SetB. 

The  coefficient 
of  CompreselTe 

ElMtldrr 
per  square  inch. 

• 

inch. 

inch. 

inch. 

tons. 

1 

•020338 

•020388 

•000510 

5900 

2 

•021038 

•042077 

•002452 

5704  \ 

S 

•021618 

•064855 

•004840 

5551 

4 

•021369 

•085479 

•006998 

5615 

o 

GO 

5 

•021594 

•107872 

•009188 

6557 

6 

•021752 

•130518 

•011798 

5517 

o 

00 

7 

•021950 

•153654 

•015248 

5467 

1-* 

8 
9 

•022154 
•022874 

•177235 

•201878 

•018572 
•024254 

5416 
5368 

1 

10 

•022477 

•224774 

•028126 

5339 

11 
12    . 

•022567 
•022802 

•248237 
•273632 

•032028 
•087658 

5817 
5262 

i 

18 

•023014 

•299187 

•043318 

5214 

14 

•023528 

•329330 

-052640 

5101   > 

15 

•023539 

•358092 

•060905 

5098 

16 

•024409 

•390558 

•080256 

4916 

17 

•024805 

•421695 

•086298 

4838 

Bep,  of  Iron  Com,,  App,,  p.  63 ;  and  Clark  on  the  Tulmlar  Bridgei,  p.  312. 
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Mr.  Hodgkinson  makes  the  following  remarks  on  these  experi- 
ments : — "  The  great  difficulty  of  obtaining  accurately  the  decre- 
ments and  sets  from  the  small  weights  in  the  ctmimencement  of 
the  experiments,  rendered  those  decrements  and  sets,  particolarly 
the  latter,  very  anomalous ;  it  was  found,  too,  that  some  of  the 
bars  which  had  been  str^ed  by  16  or  18  tons  had  become  reiy 
perceptibly  ondnlated.  It  has  not  been  thought  prudent,  there- 
fore, to  draw  any  conclusion  from  bars  which  have  been  loaded 
with  more  than  14  to  16  tons ;  and  it  may  be  mentioned  that  the 
results  from  2  to  14  tons  are  those  only  which  ought  to  be  used  in 
seeking  for  general  conclusions."*  (See  the  mean  value  of  E'  in 
the  last  column.) 

The  results  of  Table  L  are  exhibited  graphically  in  Fig.  104, 
where  the  longer  curve  refers  to  the  total  decrements  of  length, 
and  the  shorter  one  to  the  sets.  The  ordinates  represent  the 
weights  in  column  1,  and  the  abscissas  the  total  decrements  of 
length  and  sets  in  colamns  3  and  4- respectively  of  Table  I. 
f^,  101. 
DiOUnNT  OF  LiNOTH  IBS  SiT  OV  CUT-IBOK  IIT  CoKPRtssioir. 


*  B^  irf  Inm  Qm^  App.,  p.  84 
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The  unif ormitj  of  the  curve  of  decrements  shows  that  there  is 
no  abrupt  alteration  in  the  compressive  elasticity  of  cast-iron  as 
far  as  17  tons  per  square  inch  and  possibly  up  to  a  higher  amount. 

400.  HodffkliiAOH's  flbrmalje  flbr  the  decrememt  of  leoirth 
and  Met  of  east-Iron  In  eompresslon. — The  following  formula 
was  deduced  by  Mr.  Hodgkinson  from  his  experiments  on  the  four 
different  irons  just  described  to  express  the  relation  between  the 
load  and  the  corresponding  decrements  of  length  in  cast-iron  bars 
1  inch  square  and  of  any  length* 

X'  =  I {012363359  —  V'000152853  —  •00000000191212W}-    (243) 
Where  X'=  the  decrement  of  length  in  inches, 
I  =  the  length  in  inches, 
W  =  the  weight  in  fibs,  compressing  the  bar. 
Mr.  Hodgkinson  expressed  the  compressive  set  of  bars  of  Low 
Moor  cast-iron  10  feet  long  by  the  following  equationf: — 

Compressive  set  in  inches  =  bidX'^  +  •0013.         (244) 

401.  Ineranent  of  lenfrth  and  set  of  east-Iron  In  tension — 
C3oefflelent  of  tensile  elasticity. — The  following  table  shows  the 
increments  of  length  and  tensile  sets  of  cast-iron  bars  10  feet  long 
and  1  inch  square,  reduced  by  Mr.  Clark  from  Mr.  Hodgkinson's 
experiments  '^  upon  round  bars  of  iron,  united  together  at  the  ends, 
so  that  the  whole  length,  exclusive  of  the  couplings,  was  50  feet, 
except  in  two  instances,  where  the  length  was  48  feet  3  inches. 
There  were  nine  experiments  upon  these  connected  lengths,  and 
the  experiments  were  upon  four  kinds  of  cast-iron — Low  Moor 
No.  2,  Blaenavon  No.  2,  Grartsherrie  No.  3,  and  a  mixture  of 
iron,  composed  of  Leeswood  No.  3  and  Glengamock  No.  3,  in 
equal  proportions.  There  were  two  experiments  upon  each  of  the 
simple  irons,  and  three  upon  the  mixture,  and  the  mean  results 
were  afterwards  reduced  to  those  of  10  feet  and  1  square  inch 
exactly.^*  '^  The  bars  were  suspended  vertically,  and  acted  upon 
directly  by  weights  attached  at  their  lower  ends.**t  I  have  added 
in  the  last  column  the  coefficients  of  tensile  elasticity,  obtained  by 

*  Bep,  of  Iron  Com,,  Jpp*,  p.  109. 

t  Idem,  p.  128. 

t  Idem,  pp.  69,  51 ;  and  Clark  on  the  Tvbular  Bridges,  p.  879. 
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dividing  the  original  length,  viz.,  120  inches,  by  the  increments  of 
length  per  ton  in  the  second  column. 


TABLE  II.— iMOBiHiHTa  OF  LiNttTR  iMD  Tbnbili  Sira  o 
10  FiBT  LoHa  AND  1  Inch  Squibk. 


Tom. 

Tm.Min™n«ti 
oflwiglh. 

Scu. 

■nw™iifi»i.tot 

Tciullfl  Elullcll)- 
per  iqiun  Heh. 

inok 

inoh. 

inch. 

toM.             Ibe. 

1 

■01978 

■0197fl 

■000579 

8073  =  18,803,620 

2 

■02027 

■oiise 

■001380 

6920  =  13,260,800]  11 
6328  =  12,382,720   || 
6177  =  11,699,480    ||| 
*8*1  =  10,848,8*0   1 

3 

■02171 

■0B615 

■003951 

i 

■02318 

•0927* 

•0075*3 

E 

■02J78 

■12397 

■012819 

a 

■02727 

■18388 

■020571 

4*00  =1    9,360,000 

-81 

■02315 

■18297 

■023720 

4263  =    9,549,120  . 

The  mean  increment  of  length  per  ton  for  the  first  3  tons  jwr 
equare  inch  equals  ■0001715  of  tlie  length.  The  reKults  of  Table 
II.  are  exhibited  graphically  in  Fig.  105,  where  the  longer  curve 
refers  to  the  total  increments  of  length  and  the  shorter  one  to  the 
sets.  The  ordinates  represent  the  weights  in  column  1,  and  the 
abscissas  the  total  increments  of  length  and  sets  in  columns  3 
and  4. 

Fig.  105. 
iMOBtmn  or  Lisora  akd  Skt  or  Cast-iroit  ih  Tissioh. 


The  uniformity  of  the  curve  of  increments  sliows  that  there  is 

•2  B 
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no  abrupt  change  in  the  tensile  elasticity  of  cast-iron  up  to  6'5  tons 
per  square  inch,  and  possibly  up  to  the  limit  of  rupture,  the  mean 
of  which  for  the  4  irons  experimented  on  was  7014  tons  per  square 
inch. 

By  the  aid  of  Tables  I.  and  II.  we  can  easily  find  approximately 
the  decrement,  increment,  or  set  of  cast-iron  bars  of  any  section. 

Ex.  The  compression  flange  of  a  new  cast-iron  girder,  40  feet  long,  wbich  has  not 
been  previously  strained,  will  be  shortened  by  an  inch-strain  of  6  tons  by  an  amount 
equal  to  40  X  0*0180513  =  0522052  inch,  and  its  set^  or  reddual  decrement  of  length 
after  the  load  has  been  removed,  will  equal  40  X  0001 1798  =  0*047192  inch.  If  the 
whole  of  this  set  were  permanent^  which  however  is  problematical,  the  flange  would  be 
permanently  shortened  by  this  amount^  and  on  any  subsequent  application  of  the  same 
load  its  new  decrement  of  length  would  —  0*522052  —  0*047192  =  0*474860  inch. 

408.  lIodffklDSon*0  flbrmoLe  fbr  the  IncremcDt  of  lengrth* 
and  set  of  cast-iron  In  tension. — The  following  formula  was 
deduced  by  Mr.  Hodgkinson  from  his  experiments  on  the  ex- 
tension of  the  four  different  irons  just  described,  to  express  the 
relation  between  the  load  and  the  corresponding  increments  of 
length  in  cast-iron  bars  1  inch  square  and  of  any  length.* 

X=l {•00239628-v^-000005 74215  -  000000000343946 W}     (245) 
Where  X.  =  the  increment  of  length  in  inches, 
I  =  the  total  length  in  inches, 
W  =  the  weight  in  lbs.  extending  the  bar. 
The  tensile  set  of  bars  10  feet  long  is  as  follows : — 

Tensile  set  in  inches  =  •0193X  +  •64X«  (246) 

408.  C3oefflclents  of  tensile^  compresslTe  and  transTerse 
eiastlelty  of  east-Iron  different. — On  comparing  Tables  I.  and 
II.  it  will  be  observed  that,  though  the  mean  of  the  coefficients  of 
compressive  elasticity  up  to  14  tons,  and  of  tensile  elasticity  up 
to  5  tons,  per  square  inch  are  substantially  the  same,  namely, 
12,000,000  lbs.  per  square  inch,  the  several  coefficients  themselves 
differ  materially,  especially  as  they  approach  the  limit  of  tensile 
strength ;  for  instance,  at  6  tons  per  square  inch  the  coefficient  of 
compressive  elasticity  is  1*25  times  that  of  tensile  elasticity.  The 
coefficients  of  transverse  elasticity  derived  from  experiments  on  a 

*  Mqt.  of  Iron  Com^  App.,  pp.  60, 108. 
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moderate  and  on  the  ultimate  deflection  of  a  rectangular  bar  of 
Blaenavon  iron,  broken  by  transverse  pressure,  are  also  different, 
though  they  closely  approach  the  limiting  coefficients  of  tensile 
elasticity  in  Table  II.     See  ex.  in  9S5,  also  S46. 

404.  iHcrement  of  lengrth  and  met  of  ca«t-lron  extended 
a  second  time — Rehuuttion  of  set — ^¥l«eld  ela«tl<Aty. — Mr. 
Hodgkinson  made  a  second  series  of  experiments  on  the  extension 
of  some  parts  of  the  coupled  bars  which  were  strained  nearly  to 
their  breaking  point,  but  had  escaped  actual  rupture  at  the  first 
trial.*  Their  total  increments  of  length  on  the  second  trial, 
though  very  nearly  the  same  as  before,  were  slightly  less  for  the 
higher  loads.  It  might  perhaps  be  supposed  that -bars  once 
stretched  would  not  again  take  a  set,  provided  the  second*  load  did 
not  exceed  that  previously  applied.  This,  however,  was  not  the 
case,  for  the  barstook  sets  again,  though  in  general  less  than 
before,  their  mean  ultimate  set  being  nearly  half  that  on  the  first 
trial.  It  is  very  probable  that  cast-iron,  and  also  other  materials, 
recover  a  portion  of  the  set  when  the  strain  producing  it  is 
relaxed  for  some  time — ^in  fact,  that  there  exists  a  sort  of  sluggish 
elasticity,  due  perhaps  to  a  certain  viscidity  of  the  material. 
Possibly,  constant  repetitions  or  long  continuation  of  strain  would 
render  the  set  permanent.  Experiments  alone  can  settle  these 
points,  which,  however,  have  more  interest  for  the  physicist  than 
practical  importance  for  the  engineer. 

405.  Set  of  ea«t-lron  harm  Trom  transverse  strain  nearly 
proportlonal  to  sqoare  of  delleetlon. — The  set  of  cast-iron 
bars  subject  to  transverse  strain  is  nearly  proportional  to  the 
square  of  their  deflection,  though  somewhat  less,  and  may  be 
expressed  approximately  by  the  following  formula  deduced  by  Mr. 
Hodgkinson  from  his  experiments  on  rectangular  bars  of  Blaenavon 
cast-iron  bent  transversely  by  a  load  in  the  middle,  f 

Transverse  set  in  inches  =  ^i-^  (2^7) 

in  which  D  represents  the  deflection  of  the  bar  in  inches. 

♦  iZcp.  of  Iron  Com,,  App.,  p.  61. 
t  Ibid.,  p.  69. 
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WROUGHT-IBOMT. 

406.    Deerememt  of  lemgrth  of  wrooffht-tron  in  cooipre«- 
mlmt — C^oeffleleat  of  compresslTe  eiamtldUy — EMmmUc  limit. — 

The  following  table  contains  the  results  of  experiments  bj  Mr. 
Hodgkinson  on  the  compression  of  two  wronght-iron  bars  10  feet 
long  and  1  inch  square  nearly,  the  weights  increasing  at  first  by  2 
tons  and  afterwards  by  1  ton  at  a  time.* 

TABLE  IIL— DxoBiiainn  or  Lkhoth  of  WBouoHT-niov  Bars  10  Fxn  LoNa 

AND  1  IVOH  SqUABB  VXABLT. 


Bar  1. 

ATM  of  McUon  s:  1 -OSS  X  1-0S5  s  1-0506 

■quare  inches. 

Bar  9. 

Area  of  secUon  =  1-016  X  l-OS  as  1-086S 

square  inches. 

Weight 
oompreaeing 

Total 

Deerementa 

of  length. 

Decrements 
per  ton. 

Weight 
compressing 

Total 

Decrements 

of  length. 

Decrements 
per  ton. 

lbs. 

5098 
9678 
14058 
16298 
18588 
20778 
28018 
25258 
27498 
29788 
81978 
84218 

inches. 
•028 
•052 
•078 
•085 
•096 
•107 
•119 
•180 
•142 
•154 
•174 
•214 

inches. 

•012 

•0105 

•012 

•Oil 

•Oil 

•012 

•Oil 

•012 

•012 

•020 

•040 

lbs. 

5098 

9578 

14058 

18538 
20778 
28018 
25258 
27498 
29788 
81978 

in  4  hour. 
81978 

in  i  hour. 

repeated. 

inches. 
•027 
•047 
•067 

•089 
•100 

•lis 

•128 
•143 
•163 
•190 
•261 
•269 
•282 
•828 

inches. 

•010 
•010 

•Oil 
•Oil 
•018 
•015 
•015 
•020 
•027 
•071 

• 

In  the  foregoing  experiments  the  total  decrements  of  length 

*  S^,  of  Iron  Com,f  Ajpp,^  p.  122. 
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increase  with  considerable  uniformity  in  proportion  to  the  weighty 
until  the  pressure  reaches  the  elastic  limit  of  about  12  tons  per  inch, 
aft€r  which  irregular  bulging  begins,  the  amount  of  which,  no  doubt, 
will  depend  on  the  quality  ^f  the  iron,  the  hard  and  brittle  irons 
bulging  less  than  the  tough  and  ductile  kinds.  The  mean  decrement 
of  length  per  ton  per  square  inch  within  this  elastic  limit = '0000964 

=  TTTQT^th  of  the  original  length.      Hence,  the  coefficient  of 

compressive  elasticity  of  bar  iron  from  Hodgkinson^s  experiments 
=  10,376  tons  =  23,243,179  ft>s.  per  square  inch.*  In  several 
experiments  made  by  the  '*  Steel  Committee"  on  the  compression 
of  iron  bars  10  feet  long  and  1^  inch  ^ameter,  the  mean  limit  of 
compressive  elasticity  was  12*32  tons  per  square  inch,  and  the  mean 

decrement  of  length  within  this  limit  was  "00007725,  =  fs-QTrth 

of  the  original  length  for  each  ton,  which  makes  the  coefficient  of 

compressive  elasticity  of  these  particular  bars  =  12',945  tons  = 

29,000,000  lbs.  per  square  incby  or  very  nearly  equal  to  that  of 

steel,  t 

407.  iDerememt  of  lemfrth  and  set  of  wreoyht-lron  In 
tension — Coefficient  of  tensile  elasticity — Elastic  limit — 
Effects  of  cold-hardenlnif  and  anneallnip  on  the  elasticity 

of  Iron. — Table  IV.  contains  the  results  of  experiments  by  Mr. 
Hodgkinson  on  the  extension  and  set  of  two  bars  of  annealed 
wrought-iron  of  the  quality  denominated  '^  best,"  reduced  to  the 
standard  of  bars  10  feet  long  and  1  inch  square ;  their  real  dimen- 
sions were  as  follows  :t — 

Bar  1.  Bar  2. 

Length,  -        -        -    49  feet  2  inches,  -    50  feet. 

Mean  diameter,         -    *517  inch,    •        -    *7517  inch. 

Mean  area  of  section,    *2099  square  inch,    '44379  square  inch. 

*  JUp,  of  Iron  Com.,  App^  p.  172. 

t  Sxpti,  on  Sted  aiul  Iron, 

X  Rep.  pf  Iron  Chtn.^  App.,  pp.  47,  49. 
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TABLE  TV.— iNOBmxNTS  of  Lsnoth  aho  Tenbilb  Sets  of  Two  AjrvxAUD 
"Bbr"  Wbouoht-isov  Babb,  10  FiBT  Long  and  1  IiroH  Squabk 


BarL 

Bars. 

Weight  per 

square  inch  of 

section. 

Total 

Increments  of 

length. 

Sets. 

Weight  per 

square  Inch  of 

section. 

Total 

Increments  of 

length. 

Setsu 

Ibfl. 

inchefl. 

inches. 

IbB. 

inchefl. 

inches. 

— 

— 

1262 

•00520 

— 

2668 

•00986 

— 

2524 

•01150 

5S35 

•02227 

— 

3786 

•01690 

■00060 

8003 

•03407 

•000306 

5047 

•02240 

1 
•00060 

10670 

•04556 

•000407 

6309 

•02772 

•00050 

13388 

•05706 

•000509 

7571 

•03298 

•00045 

16006 

•06854 

•000610 

8833 

•08790 

•00050 1 

18673   • 

•07993 

•  •000813 

10096 

•04300 

•00050? 

21340 

•09193 

•001526 

11857 

•04854 

— 

24008 

•10485 

•003966 

12619 

•05370 

•00070 

26676 

•12163 

•009966 

13880 

•05960 

29343 

•15458 

•031424 

15142 

•06480 

— 

32011 

•26744 

— 

16404 

•06980 

% 

— 

•28271 
in  ft  minutes. 

•13566 

17666 

•07630 

•00130 

84678 

-5148 

•86864 

18928 

•08170 

— 

37346 

10996 

1-01695 

20190 

•08740 

•00270 

Repeated. 

1-1949 

1-02966 

21462 

•09310 

— 

40013 

•220 
in  ft  minutes. 

1093 

22713 

•09920 

•00410 

Repeated  and 
left  on. 

1-411 
after  1  hour. 

23975 

•10670 

— 

n 

1^424 
afterShoura 

— 

26237 

•11260 

•00680 

n 

1-433 
after  8  hours. 

— 

26499 

•12040 

— 

ti 

1-484 
after  4  hours. 

— 

27761 

•12880 

•0120 

1^436 
after  ft  hours. 

— 

29028 

•14500 

— 

» 

1-437 
after  6  hours. 

80285 

•1991 
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TABLE  lY. — ^Ikorxmbkts  of  Length  and  Txnsilb  Srs  of  Two  Annbaled 
Wbouoht-ibon  Bab8»  10  FxBT  LoNO  and  1  INCH  Squabe — omHnued. 


Barl. 

Bars. 

Weijcht  per 

Total 

Weight  per 

Total 

square  inch  of 

Increments 

Sets. 

square  inch  of 

Increments 

Seta. 

secUon. 

of  length. 

section. 

of  length. 

lbs. 

inches. 

inches. 

lbs. 

inches. 

inches. 

Bepeatedand 

1-448 

— 

80285 

•2007 

— 

left  on. 

after  7  hours. 

after  5  minutes. 

>f 

1-448 

after  8  hoars. 

— 

f> 

•2018 
after  10  minutes. 

•0786 

M 

1-448 
after  9  hours. 

n 

•2064 
after  15  minutes. 

•0774 

n 

1-448 

— 

Bepeated. 

•2080 

•  -0796 

after  10  hoora 

nearly,  after  SO 
minutes. 

1 

42681 

2-148 
in  5  minutes. 

1-988 

M 

•2096 
after  1  hour. 

•0814    , 

Eepeated. 

2-889 
In  6  minutes. 

^^^ 

fl 

•2866 
after  bearing  the 
weight  17  hooFi 

•1082    : 

i 

9t 

2-888 

2-212 

81546 

•24-2 

•1088 

WW 

in  10  minutes. 

after  1  hour. 

after  6  minutes. 

1 
1 

Bepeated. 

2*428 

2-287 

Bepeated. 

•2449 

•1111    ! 

after  46  hours. 

after  6  minutes. 

f 

45848 

2-580 
after  6  minutes. 

2-377 

82808 

•5506 

•4141    ] 

Eepeated. 

2-605 

— 

Bepeated. 

•7024 

•5635 

after  1  hoar. 

after  ff  minutes. 

n 

2-606 

^^ 

n 

•7966 

•6558 

after  i  hours. 

after  10  minutes. 

• 

It 

2-606 

2-408 

t9 

1-014 

•866      i 

#• 

after  19  hours. 

after  about  1  hour. 

1 

48016 

2-975 

2-788 

84070 

1-346 

— 

after  6  minutesi 

after  10  minutes. 

after  1  minute. 

i 

!    Bepeated. 

8-019 

... 

» 

1-400 

— 

after  1  hour. 

after  S  minutes. 

»t 

8-029 
after  11  hours. 

• 

»f 

1-600 

1-44 

50684 

4-195 

8-941 

Bepeated. 

1-65 

1 

I 

in  10  minutes. 

In  10  minutesL 

after  1  minute. 

Bepeated. 

4-226 

— 

>f 

1-786 
after  Ihourorless. 

1-628 

ft 

4-227 
in  7  hours. 

— 

85832 

2-04 
after  ft  minutes. 

1-874 

n 

4-227 
in  IS  houriL 

— 

Bepeated. 

218 
after  ft  minntes. 

201 

58851  =  j 
23-817  tons,  j 

Broke  at  one 

of  the  ''weld- 

#f 

2-254 

2-08 

ings**  where  the 

re  was  a  sUffht 

WW 

• 

defect;  perhaps  ) 
wei^t  would  hat 

%  rather  smaller 
re  broken  it. 

.    86594 

2-54 
after  6  minutes. 

— 

87856  = 
16-9  tons. 

2-894 

The  loop  at  th« 
of  the  rod  havh 
the  experiment  ^ 

lower  end 
ig  broken, 
irasdiscon- 

tinued. 
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From  these  experiments  Mr.  Hodgkinson  inferred  that  the 
coefficieot  of  tensile  elasticity  =:  27,691,200  tbs.  =  12,362  tons  per 
square  inch.*  The  limit  of  tensile  eiastidty,  it  will  be  observed, 
lies  between  11  and  12  tons  per  square  inch. 

The  relation  between  the  weights  and  corresponding  increments 
of  length  of  tlie  first  bar  in  the  foregoing  table  are  exhibited 
graphically  in  F'l'j;.  106,  in  which  the  ordinatea  represent  the 
weights  per  square  inch  of  section,  and  the  abscissas  the  corre- 
sponding increments  of  length. 

Fig.  108. 
InoBntiBT  OT  LiNOTH  <»  WBoiraHT-nHiii  in  TmnoH. 


The  following  table  is  given  by  Mr.  Clark  at  p.  373  of  Ms  work 
on  the  Britannia  and  Conway  tubular  bridges.  Though  not 
expressly  so  stated,  it  is  probably  reduced  froio  Mr.  Hodgkiueon's 
experiment  on  Bar  1  in  Table  IV. 

*  JIcp.  iif  Irtm  Cam.,  App.,  p.  172. 
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TABLE  v.— iHOBEMiMT  OF  Lkngth  and  TmrsiLB  Sir  of  a  New  WBOUQHT-nioir 

Bab,  10  Febt  Loho  and  1  Inch  Squabe. 


Tons 

per 

square 

Inch. 


Obsenred  extension 

in  terms  of  the 

length. 


1 

2 

8 

i 

5 

6 

7 

8 

9 

10 

11 

12 

18 

14 

15 
16 

17 
IB 
19 
20 
21 
22 


*0000689 

•000156 

•000288 

•000819 

•000899 

•00048 

•00056 

•00064 

•00072 

•00080 

•000896 

•00102 

•00128 

•00218 

in  ten  minutes 

•00281 

•00416 

•00448 

•00984 

in  ten  minutes 

•01016 

•01024 

in  ten  minutes 

•01212 

•01785 

in  ten  minutes 

•02017 

•02124 

in  ten  minutes 

•02146 

•02429 

in  ten  minutes 

•02472 

•08400 

in  ten  minutes 

•03425 


Compnted 

extension 

assumed 

nni/onn  at 

TorftfCTS 
of  the  length 

per  ton 
per  square  inch. 


•00008 
•00016 
•00024 
•00082 
•00040 
•00048 
•00056 
•00064 
•00072 
•00080 
•00088 
•00096 
•00104 

•00112 

•00120 
•00328 

•00186 
•00144 
•00152 
•00160 
•00168 
•00176 


Corresponding 

exteni>lon  in 

fractional  parts 

of  the  length 

computed  at 

per  ton  pAr 
square  Inch. 


ttVt 

7&o0 
ftoBS 
TTTS 

T3TV 

Wsn 
ins 


Obsenred  set 
In  terms  of 
the  length. 


•00000213 
•00000288 
•00000856 
•00000427 
•00000497 
•00000650 
•00001*201 
•00001384 
•00003392 
•00008868 
•0002598 

•0011075 

•002976 
•0008175 

•008750 
•009170 
•018590 
•019790 
•022810 
•081988 


Obsenred  set 
in  fractional 

parts  of 
the  length. 


JZTnTT 
ttJtt 

IIB&O 
FsT 

thv 


is 
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The  foregoing  tables  and  the  diagram  show  that  the  increment 
of  length  of  annealed  wrought-iron  in  tension  increases  with  great 
uniformity  in  proportion  to  the  weight,  and  nearly  equals  '00008, 

=  Y^-v7T7xth  of  the  length  for  each  ton  per  square  inch  up  to  11  or 

12  tons,  after  which  the  law  suddenly  changes,  and  rapid  and 
rather  irregular  stretching  begins,  the  amount  depending,  no  doubt, 
on  the  quality  of  the  iron,  i.«.,  its  hardness  or  ductility. 

Mr.  Barlow  also  made  several  experiments  on  bars  of  vrrought-iron, 
from  which  he  inferred  that  its  limit  of  tensile  elasticity  is  about 

10  tons  per  square  inch,  and  that  it  extends  *000096  =  -th 

of  its  length  for  each  ton  within  this  limit.*    In  experiments  made 

by  the  '^  Steel  Committee"  on  10  feet  lengths  of  iron  bars,  1^ 
inches  diameter,  the  mean  limit  of  tensile  elasticity  was  12*7  tons 
per  square  inch,  and  the  mean  increment  of  length  within  this 

limit  was  '0000784  =  rs-T^th  of  the  original  length  for  each  ton 

per  square  inch. 

General  Morin  also  made  some  experiments  on  fine  charcoal 
iron  wire,  and  found  that  the  process  of  hardening  wire  by  cold 
drawing  increased  its  limit  of  elasticity  to  about  19  tons  per  square 
inch,  while  the  coefficient  of  elasticity  remained  the  same  as  that 
of  ordinary  bar  iron,  viz.,  12,473  tons  per  square  inch.  Annealing 
iron  wire  had  the  effect  of  reducing  its  coefficient  of  tensile  elasticity 
to  10,009  tons  per  square  inch.f  We  may  conclude  from  these 
various  experiments  that  the  elastic  limit  and  the  coefficient  of 
elasticity  of  wrought-iron  vary  considerably  with  the  quality  and 
condition  of  the  iron,  but  for  practical  purposes  we  may  generally 
adopt  12  tons  as  the  limit  of  elasticity,  and  24,000,000  fts.,  =  10,714 
tons  per  square  inch,  as  the  coefficient  of  elastidity  of  ordinary  plate 
and  bar-iron,  either  in  tension  or  in  compression,  though  sometimes 
it  may  reach  29,000,000  lbs. ;  the  former  is  equivalent    to    an 

*  Strength  of  MatmaU,  p.  815. 

t  Proc.  ImL  C.  R,  Vol  xxx.,  p.  261. 
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alteration  of  TAynth  =  000093  of  the  original  length  for  each 

ton  per  square  inch. 

408.  Klastle  flexibilU  j  of  east-Iron  t  wiee  that  of  wrooyht- 
Iron — ^liaw  of  elasticity  troer  Ibr  wronnrht  than  Ibr  east- 
Iron. — Comparing  the  coefficients  of  elasticity  of  cast  and  wrought- 
iron,  we  find  that  the  elaatie  flexibility  of  cast-iron  is  nearly  twice 
as  great  as  that  of  wrought-iron,  that  is,  the  alteration  of  length 
from  the  same  unit-strain  is  nearly  twice  as  great  in  cast  as  in 
wrought-iron ;  in  other  words,  wrought-iron  is  nearly  twice  as  stiff 
as  cast-iron.  On  this  account  a  girder  of  cast-iron  will  deflect 
nearly  twice  as  much  as  a  similar  one  of  vrrought-iron,  provided 
the  flanges  of  both  girders  are  subject  to  the  same  unit-strains.  It 
will  also  be  observed  that  Hookes'  law  of  the  proportionality  of  the 
loads  to  the  changes  of  length  they  produce  is  less  exact  for  cast 
than  for  wrought-iron  within  the  limits  of  elastidty. 

409.  StimieMi  of  Imperftetly  elastic  materials  Improved 
hj  stretehlnir — ^Praetleal  method  of  stlflbnlnur  wroon^t-lron 
hars — Umlt  of  elasticity  of  wroonrht-lron  eqnals  19  tons  per 
sqoare  Inch — ^ProoMtraln  should  not  exceed  the  limit  of 
elastlctly. — When  an  imperfectly  elastic  material  has  received  a 
permanent  set  from  the  application  of  any  weight  which  is  sub- 
sequently removed,  the  material  becomes  more  perfectly  elastic 
than  before  within  the  range  of  strain  which  first  produced  the  set, 
and  its  alteration  of  length  per  unit  of  strain  is  less  than  at  first. 
When,  for  instance,  a  girder  is  tested  for  the  first  time,  its  deflection 
exceeds  that  produced  by  a  subsequent  application  of  the  same  load. 
Hence,  the  common  practice  of  **  stretching**  girders  by  heavy 
loads  before  their  final  inspection.  In  compound  structures,  such 
as  lattice  girders,  some  of  the  initial  deflection  may,  perhaps,  be 
attributed  to  the  separating  or  closing  together  of  the  numerous 
jointif  on  the  first  application  of  a  heavy,  load,  though  probably  the 
greater  portion  is  due  to  the  stnughtening  of  parts  in  tension 
originally  constructed  a  little  out  of  line.  The  ultimate  deflection 
of  a  bar  of  soft  wrought-iron  subject  to  transverse  strain  is  very 
considerable,  and  when  the  useful  load  which  such  a  bar  will  carry 
is  determined  by  the  amount  of  deflection  rather  than  by  its 


380  ELASTICITY  AND  SET.  [CHAP.  XVIII. 

breaking  weight,  its  useful  strength,  t.e.,  its  stifihess,  may  be  much 
increased  by  giving  it  a  considerable  camber  when  at  a  dull  red 
heat,  and  afterwards  straightening  it  when  cold.  Such  a  bar,  as 
far  as  deflection  in  the  direction  in  which  it  was  straightened  is 
concerned,  is  stronger  than  before.*  For  practical  purposes  the 
limit  of  elasticity  of  wrought-iron,  as  already  stated,  does  not  exceed 
12  tons  per  square  inch,  and  though  higher  strains  than  this  may 
not  in  the  least  diminish  its  ultimate  strength,  yet  they  will  take  the 
'*  stretch"  out  of  the  iron  and  may  thus  render  what  was  originally 
tough  and  ductile  metal  so  hard  and  brittle  as  to  be  seriously 
injured  for  many  purposes.  A  tough  quality  of  iron  will  evidently 
sustain  sudden  shocks  with  greater  impunity  than  brittle  iron,  and 
previous  over-straining  may  perhaps  thus  explain  the  unexpected 
rupture  of  chains  with  suddenly  applied  loads  considerably  below 
their  statical  breaking  weight.  For  instance,  sudden  jerks  from 
surging  may  double  the  usual  safe  working  strain  of  a  chain  and 
thus  strain  it  temporarily  beyond  its  limit  of  elastic  reaction.  This 
frequently  repeated  will  produce  permanent  elongation  and  render 
the  chain  brittle  until  it  has  been  annealed  (857).  These  con- 
siderations show  that  the  proof-strain  of  wrought-iron  should  not 
exceed  its  limit  of  elasticity. 

410.  Kxperimento  on  elasticity  liable  to  error — SlonrK^b 
or  ¥l«eid  elasticity. — Scientific  conclusions  derived  from  experi- 
ments on  the  elasticity  of  materials  in  which  the  effect  of  previous 
strain  is  overlooked  are  evidently  worthless,  and  it  should  be  recol- 
lected that  time  ought  to  be  allowed  after  each  experiment  in  order 
to  let  the  material  adjust  itself  to  the  new  condition  of  strain, 
especially  when  the  load  approaches  the  limits  of  rupture,  in  which 
case  the  deformation,  or  change  of  form,  may  continue  for  a  con- 
siderable time  after  the  load  is  laid  on,  especially  if  aided  by 
vibration.  Beferring  to  the  Britannia  and  Conway  Tubular  Bridges 
Mr.  Clark  observes,  ''  In  all  the  tubes  a  considerable  time  elapsed 
before  they  attained  a  deflection  which  remained  constant.  Time 
is  an  important  element  in  producing  the  ultimate  permanent  set 

*  Clark  on  (Ae  Tubular  Bridge$,  p.  449.  , 
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in  any  elastic  material;  but  when  the  permanent  set  due  to  the 
strain  is  once  attained,  the  continuance  of  the  same  strain  induces 
no  further  deflection,  which  is  confirmed  by  the  fact,  that  no  sub- 
sequent change  has  occurred  in  the  deflection  of  the  Conway 
Bridge  from  two  years  of  use,  nor  has  any  increase  in  the  versed 
sine  of  the  Menai  Suspension-bridge  taken  place  in  twenty-five 
years,  where  the  strain  is  greater  than  in  the  plates  of  the  Conway 
Bridge,  and  Uable  to  be  considerably  varied  from  the  oscillation 
which  occurs  in  gales  of  wind.  The  permanent  strain  in  the 
Britannia  Bridge  is  under  three-fifths  of  that  in  the  Suspension 
Bridge.  The  effect  of  time  in  producing  permanent  elongation  has 
been  also  observed  at  the  High  Level  Bridge  (Newcastle-upon- 
Tyne),  where  the  wrought-iron  tie-chains,  which  resist  the  thrust 
of  the  arches,  although  under  much  less  strain  than  the  above, 
continued  to  extend  for  a  considerable  period  before  they  attained 
a  set  at  which  they  remained  constant.  These  motions  are  so 
extremely  minute  that  they  are  only  ascertainable  in  large  rigid 
structures,  where  they  are  measured  by  the  corresponding  increase 
of  deflection."* 

The  residual  set,  after  the  strain  has  been  removed,  also  takes 
time  to  adjust  itself  to  a  permanent  condition,  and  some  crude 
experiments  of  my  own  tend  to  prove  that  the  set  of  vrrought-iron 
relaxes  to  a  considerable  extent,  even  after  the  lapse  of  several  days 
after  the  stndn  has  been  removed. 

STEEL. 

411.  lia  w  of  elasticity  trae  Ibr  Bieei — Coeffielent  and  limit 
of  elasticity  of  steel. — Numerous  experiments  made  by  the 
^'  Steel  Committee"  prove  that  the  law  of  elasticity  applies  to 
steel  with  great  exactitude  within  the  limit  of  elastic  reaction 
which  for  practical  purposes  is  about  21  tons  per  square  inch  both 
for  tension  and  compression  (998  and  859).  Within  this  limit  the 
mean  decrement  of  length  per  ton  per  square  inch  from  compression 

=  -0000743  =  Tq-Tcqth  of  the  original  length,  and  the  mean 

*  Clark  on  the  Tubular  Bridgti,  p.  671. 
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increment  from  extension  =  '0000764  =  .. ,.  /x^qth  of  the  original 

length.  Taking  the  mean  of  these,  the  coefficient  of  either  tensile 
or  compressive  elasticity  =  13,274  tons  =  29,733,760  ibs.  per 
square  inch.  From  Sir  William  Fairbaim's  experiments  on  deflec- 
tion under  transverse  strain,  the  coefficient  of  transverse  elasticity 
=  31,000,000  ibs.  (859).  For  practical  purposes  we  may  assume 
30,000,000  lbs.,  =  13,393  tons  per  square  inch,  as  the  coeffident 
of  elasticity  of  steel,  which  is  25  per  cent,  greater  than  the 
usual  coefficient  for  wrought-iron,  though  the  latter  sometimes 
approaches  29,000,000  fibs.,  or  very  closely  that  of  steel. 

TIMBEB. 

418.  liimit  of  elasticity  of  timber  not  aeeorateiy  de- 
lined — Coefficient  of  elasticity  depends  on  the  dryness  of 
the  timber. — ^Experiments  on  timber  by  MM.  Chevandier  and 
Wertheim  lead  them  to  form  the  following  conclusions.* 

1°.  The  density  of  timber  appears  to  vary  but  slightly  with  age. 

2®.  The  coefficient  of  elasticity,  on  fhe  contrary,  diminishes 
beyond  a  certain  age  and  depends  on  the  dryness  and  aspect  as 
well  as  the  nature  of  the  soil  in  which  the  trees  grow,  northerly 
aspects  and  dry  soils  raising  the  coefficient. 

3^.  The  coefficient  of  elasticity  is  not  sensibly  affected  by  cutting 
trees  before  or  after  the  sap  is  down. 

4**.  Properly  speaking,  there  is  no  true  limit  of  elasticity,  as 
there  is  always  a  permanent  set  along  with  an  elastic  elongation. 

5°.  The  limit  of  elasticity  rises  with  the  dryness  of  the  timber,  and 
wet  timber  takes  a  permanent  set  more  readily  than  dry  timber. 

6^.  In  timber  artificially  dried  in  a  stove,  the  limit  of  elasticity 
coincides  nearly  with  the  limit  of  rupture,  i.^.,  such  timber  takes 
scarcely  any  permanent  set. 

7^.  Artificial  drying  greatly  increases  the  stiffness  of  timber. 

STONE. 

418.  Titreons  materials  take  no  set. — It  is  stated  by  Dr. 
Robinson  that  '*  hard  bodies  of  an  uniform  glassy  structure,  or 

*  Morin,  RSsittance  des  MaUriaux,  p.  87. 
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granulated  like  stones,  are  elastic  through  the  whole  extent  of  their 
cohesion,  and  take  no  set,  but  break  at  once  when  overloaded."* 
It  may  be  doubted  whether  this  is  true  of  all  granulated  bodies 
like  stones,  for  Mr.  Mallet,  referring  to  his  experiments  on  crushing 
small  cubes  of  quartz  and  slate  rock  from  Holyhead,  0*707  inch 
upon  each  edge,  observes,  "  the  per-saltum  way  in  which  all  the 
specimens  of  both  rocks  yield,  in  whatever  direction  pressed,  is 
another  noteworthy  circumstance.  The  compressions  do  not  con- 
stantly advance  with  the  pressure,  but,  on  the  contrary,  the  rock 
occasionally  suffers  almost  no  sensible  compression  for  several 
successive  increments  of  pressure,  and  then  gives  way  all  at  once 
(though  without  having  lost  cohesion,  or  having  its  elasticity  per- 
manently impaired),  and  compresses  thence  more  or  less  for  three 
or  four  or  more  successive  increments  of  pressure,  and  then  holds 

• 

fast  again,  and  so  on.  This  phenomenon  is  probably  due  to  the 
mass  of  the  rock  being  made  up  of  intermixed  particles  of  several 
different  simple  minerals,  having  each  specific  differences  of  hard- 
ness, cohesion,  and  mutual  adhesion,  and  which  are,  in  the  order 
of  their  resistances  to  pressure,  in  succession  broken  down,  before 
the  final  disruption  of  the  whole  mass  (weakened  by  these  minute 
internal  dislocations)  takes  place.  Thus  it  would  appear  that  the 
micaceous  plates  and  aluminous  clay-particles  interspersed  through 
the  mass  give  way  first.  The  chlorite  in  the  slate,  and  probably 
felspar-crystals  in  the  quartz-rock,  next,  and  so  on  in  order,  until 
finally  the  elastic  skeleton  of  silex  gives  way,  and  the  rock  is 
crushed.  It  is  observable,  also,  that  this  successive  disintegration 
does  not  occur  at  equal  pressures,  in  the  same  quality  and  kind  of 
rock,  when  compressed  transverse  and  parallel  to  the  lamination.'' f 
Hookes'  law  probably  applies  up  to  the  limit  when  the  first  crush- 
ing of  the  weakest  ingredient  occurs.  What  takes  place  afterwards 
corresponds  with  the  intermittent  way  in  which  wrought-iron  in 
tension  stretches  once  the  limit  of  elasticity  has  been  passed. 

*  Encye,  Metr,,  Sth  ed.,  art  "  Strength  of  Materials/'  Vol.  xx.,  p.  756. 
t  PML  Trant.,  1862,  p.  669. 
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414.  Arches  camber^  sospenslon  brtdnr^s  deflect^  and 
Hrlrders  elonn^te,  fk*oin  eleTatlon  oftemperatiire—Expansioii 
rollers. — Changes  of  temperature  affect  bridges  very  differently 
according  to  their  mode  of  construction.  An  increase  of  tem- 
perature causes  the  crowns  of  iron  arches  which  are  confined 
between  fixed  abutments  to  rise,  and  the  spandrils  to  extend 
lengthways,  chiefly  along  their  upper  flange  or  horizontal  member ; 
hence,  room  for  longitudinal  expansion  should  be  provided  by 
leaving  a  vertical  space  between  the  ends  of  the  spandrils  and  the 
masonry  of  the  abutments  above  sprin^ng  level..  When  iron 
arches  extend  over  several  spans,  the  spandrils  of  the  different 
spans  should  not  be  rigidly  connected  together  like  continuous 
girders,  for  then  their  expansion  may  cause  a  dangerous  crushing 
strain  along  the  vertical  line  of  junction  and  throughout  the 
horizontal  member,  a  portion  of  which  strain  will,  no  doubt,  be 
transmitted  to  the  ribs  themselves.  When,  therefore,  it  is  con- 
sidered desirable  to  connect  together  the  spandrils  of  consecutive 
iron  arches,  this  should  be  effected  by  sliding  covers,  or  some 
similar  contrivance,  which,  though  they  restrain  lateral  motion,  yet 
will  allow  perfect  freedom  for  changes  of  length.  The  rise  in  the 
crown  of  one  of  the  cast-iron  arches  of  Southwark  Bridge  was 
observed  by  Mr.  Rennie  to  be  about  1*25  inches  for  a  change  of 
temperature  of  50**F;  the  length  of  the  chord  of  the  extrados  is 
246  feet  and  its  versed  sine  is  23  feet  1  inch;  accordingly,  the 
length  of  the  arch,  which  is  segmental,  is  3020*8  inches.*  The 
cast-iron  bridge  of  Charenton,  whose  span  and  versed  sine  are  35  and 

♦  Tram.  IiuL  C.  E.,  Vol  iii,  p.  201. 


CHAP.  XIX.]  TEMPERATUBE.  385 

4  metres  respectiyelj,  has  been  observed  to  rise  14  millimetres 
(*55  inch)  on  the  side  exposed  to  the  west  from  an  elevation  of 
14^C.  in  the  temperature  of  the  air.* 

Stone  arches  are  affected  in  a  similar  way  to  iron  arches.  With 
increased  temperature  the  crown  rises  and  joints  in  the  parapets 
open  over  the  crown,' while  others  over  the  springing  dose  up. 
The  reverse  takes  place  in  cold  weather;  the  crown  descends,  joints 
over  the  springing  open  and  those  over  the  crown  dose.  When 
stone  or  iron  arches  are  of  large  span  these  movements  from  changes 
of  temperature  will  generally  dislocate  to  a  certun  degree  the 
flagging  and  pavement  of  the  roadway  above.  Thb  is  very  con- 
spicuous in  Southwark  Bridge. 

An  increase  of  temperature  causes  suspension  bridges  to  deflect, 
just  the  reverse  of  what  happens  vrith  arches.  Girders,  which  exert 
only  a  vertical  pressure  on  the  points  of  support,  extend  longi- 
tudinally under  the  same  influence,  and  on  this  account  it  is  usual 
in  long  bridges  to  provide  expansion  rollers,  or,  if  the  span  be 
moderate,  sliding  metallic  surfaces,  under  one  end  of  each  main 
girder.  It  may  be  questioned,  however,  whether  sliding  surfaces 
remain  long  in  working  order,  and  some  engineers  prefer  timber 
wall-plates  beneath  the  ends  of  the  girder,  even  when  the  span 
reaches  150  feet.  In  place  of  being  supported  by  rollers,  which  are 
apt  to  set  fisist,  girders  are  sometimes  hung  from  suspension  links,  the 
pendulous  motion  of  the  links  affording  the  requisite  longitudinal 
movement  due  to  change  of  temperaturcf  The  chains  of  suspen- 
sion bridges  are  generally  attached  to  saddles  which  rest  on  rollers 
on  top  of  the  towers ;  the  object  of  these,  however,  is  rather  to 

compensate  for  unequal  loading  than  for  changes  of  temperature. 

415.  Alteration  of  leni^  ftonk  eUamge  of  temperatore — 
€3oelllcleiftt«  of  linear  expansion. — The  coefficient  of  linear 

*  Morin,  BSdttanee  de$  MaUricwXf  p.  116. 

t  Ezpaiuioxi  rollen  were  plaoed  under  one  end  of  each  prindpftl  of  the  roof  over 
the  New-fiireet  Station,  Bizmingham,  212  feefe  span ;  the  other  end  wae  attached  to 
caat-izon  ooluznnB.  The  rollers  did  not  move,  but  the  oolamns  rocked  0*01917  inches 
for  each  degree  Fahrenheit — {Proc  Intt.  O.E^  YoL  ziv.,  p.  261.)  Expansion  rollers 
were  also  placed  under  one  end  of  each  of  the  crescent-shaped  prrndpals  of  the  old 
Iim»«treet  Station,  Liveipool,  15Si  feet  span,  but  did  not  act — (Idem,  YoL  iz.,  p.  207.) 
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expaDsion.of  any  material  is  the  fractional  part  of  its  length  at  zero 
centigrade  which  it  elongates  or  shortens  from  a  change  of  one  unit 
of  temperature,  generally  l^C.  The  alteration  of  length  for  other 
changes  of  temperature  is  expressed  by  the  following  equation : — 

\  =  nkl  (248) 

Where  /  =  the  length  of  the  bar  at  O^^C, 

k  =  the  coefficient  of  linear  expansion  of  the  material  for 

one  degree  centigrade, 
n  =  the  number  of  degrees  through  which  the  temperature 

of  the  bar  is  raised  or  lowered, 
X  =  the  increment  or  decrement  of  length  due  to  a  change 
of  temperature  equal  to  n  degrees. 

Ex.  The  total  length  of  the  Britannia  wronght-iron  tubular  bridge  Ib  1,510  feet,  and 
an  increaae  of  temperature  of  26^.  caused  an  increase  of  length  of  3^  inches,  what  is 
the  coefficient  of  linear  expansion  of  the  tube  for  1*0.  ? — (Clark,  p.  715.) 

Here,        I  ^  1510  feet  =  18120  inches, 
n  =  26'F.  =  U'WC, 
X  =  8*25  inches. 

Answer,  ife  =  ~  = ^—. =  0*000012421  inch. 

iifwncrr,  *      ^^      14-44X18120       "  """"^^*^^  "«"• 

which,  it  will  be  observed,  agrees  closely  with  the  coefficient  of  expansion  of  wrought- 
iron  in  the  table  below. 

The  following  table  contains  the  coefficients  of  linear  expansion 
of  various  materials  for  one  degree  centigrade. 

TABLE  I. — Coefficients  of  Likxab  Expansiok  fob  1^0. 


Description  of  HaterUL 

Authority. 

Coefficients 
of  linear 

expansion 
for  I'C. 

MBTALa. 

Antimony,          ..... 

BiBmuth,            ..... 

Brass  (supposed  to  be  Hamburg  plate  brass),    - 

Do.   (English  plate,  in  form  of  a  rod). 

Rmeaton, 

Do. 
Kamsdcn, 

Do. 

-000010833 
•000018917 
•000018554 
•000018928 

NoTX. — One  degree  Fahrenheit  =  |ths  of  one  degree  centigrade.  To  convert  a 
giyen  temperature  on  Fahrenheit's  scale  to  the  corresponding  temperature  centigrade, 
subtract  82°.,  and  multiply  the  remainder  by  |v  Thus,  the  temjperature  of  86°F.  = 
80<>C.,  but  a  range  of  86°F.  =  48*»C.,  nearly. 
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TABLE  I. — CoETFlciiNTB  OF  LiNiAB  EXPANSION  VOB  l^G. — Continued. 


Description  of  Material 

Aatbority. 

Coefficients 
of  linear 

expansion 
for  1«>C. 

Metals. 

BnsB  (EngliBh  plate,  in  form  of  a  trough), 

Bamsden, 

-000018949 

Do.  (cast), 

Smeaton, 

•000018760 

Do.   (wire),       -            -            -            -            - 

Da 

•000019838 

Copper,  ------ 

■ 

Laplace  &  Lavoisier, 

•000017122 

Do. 

Do. 

•000017224 

Gold  (de  depart)             .            -            .            . 

Do. 

•000014661 

Do.  (standard  of  Paris,  not  annealed). 

Do. 

•000015516 

Da  (             do.             annealed). 

Do. 

•000015186 

Iron  (cut),         ..... 

Bamsden, 

•000011094 

Do.  (from  a  bar  cut  2  inches  square). 

Adie, 

•000011467 

Da  (           da            }  an  inch  square). 

Da 

•000011022 

Do.  (soft  forged),          .... 

Laplace  k  Lavoisier, 

•000012204 

Do.  (round  wire),          .... 

Da 

•000012850 

Da  (wire),        ..... 

Troughton, 

•000014401 

Lead,       ..-.--. 

Laplaoe  &  Lavoisier, 

•000028484 

Do., 

Smeaton, 

•000028667 

Palladium,          -           -           .           .           . 

WoUaston, 

•000010000 

Platina,  ..-.-. 

Dulong  &  Petit,   - 

•000008842 

Da, 

Troughton, 

•000009918 

Silver  (of  Chipel),            .... 

Laplace  k  Lavoisier, 

•000019097 

Da    (Paris  standard), .... 

Da 

•000019087 

Da, 

Troughton, 

'000020826 

Raldffl*  (white ;  lead  2,  tin  I),     - 

Smeaton, 

•000025058 

Do.    (spelter ;  copper  2,  zinc  1), 

Da 

•000020583 

Speculum  metal,             .... 

Da 

•000019888 

Steel  (untempered),        .... 

Laplaoe  k  Lavoisier, 

•000010788 

888 
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TABLE  L— ComPFioiiHTS  o»  Lutiab  Exfaksiov  «>b  l^C.--eontimitd. 


Coefflclenti 

DeflcrlpMon  of  HAterlal. 

• 

Authority. 

of  linear 

expanilon 

for  1»C. 

MITAIA 

Sted,  (tempered  yellow,  annealed  at  66<>C.),     - 

Laplace  h,  Lavoisier, 

•000012396 

Do.  (blistered), 

Smeaton, 

•000011500 

Do.  (rod), 

Bamsden, 

•000011447 

Tin  (from  Malacca), 

Laplace  h,  Layoisier, 

•000019876 

Do.  (from  Falmonth), 

Da 

•000021780 

Zinc,       -           .           -           - 

Smeaton, 

•000029417 

Tdibbb. 

Baywood,  in  the  direction  of  the  grain,  dry. 

Joule, 

•00000461  to 
•00000566 

Deal,           da           da           do. 

• 

Da      - 

•00000428  to 
•00000438 

Stoni,  Bbiok,  Glass,  Gimbvt. 

Arbroath  payement. 

- 

Adie, 

•000008985 

Brick  (best  stock). 

- 

Da     - 

•000005502 

Da  (fire). 

- 

Da      - 

•000004928 

Caithness  payement. 

- 

Do.      - 

•000008947 

Cement  (Roman), 

M                                                           • 

Do.      - 

•000014849 

Glass  (English  flint),      - 

- 

Laplace  &  Layoisier, 

•000008117 

Do.  (French,  with  lead). 

Do.      - 

•000008720 

Granite  (Aberdeen  grey). 

- 

Adie, 

•000007894 

Do.      (Peterhead  red,  dry),     - 

- 

Do.      - 

•000008968 

Do.      (        do.        moist),     - 

- 

Da      - 

•000009583 

Greenstone  (from  Batho), 

*                                                            • 

Do.      - 

•000008089 

Marble  (Carrara,  moist). 

m                                   M 

Do.      - 

•000011928 

Da      (    do.      dry),   - 

m                                   m 

Do.      - 

•000006539 

Do.      (black  Galway), 

m                                   m 

Do.      - 

•000004452 

Do.      (  do.    softer  specimen,  con 
fossils). 

Do.      - 

•000004793 
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TABLE  L— CoxfjpiuuuiTH  of  Lenbab  Expavsion  fob  l^C^continuecL 


Coefficients 

DflMTlptioii  Of  Ifatetial. 

Authority. 

of  linear 

expansion 

for  i°a 

Stove,  Bbiok,  Glass,  Obmbbs. 

Marble  (Sicilian  white,  moiBt), 

Adie,       - 

•000014147 

Do.      (          do.          dry),     - 

Do.      - 

•000011041 

Sandstone  (from  Oraigleith  quaiiy), 

Do.      - 

•000011748 

Slate  (from  Penrhyn  quany,  Wales),    - 

Do.      - 

•000010876 

Adie ;  Dixon's  TrtaUte  (m  Heat,  p.  35. 

Dulong  and  Petit ;  Pamlletf  EUmenta  de  Phytique,  p.  221 

• 

Joule ;  Proc,  Boy,  Soc.,  Vol  ix..  No.  28,  p.  8. 

Laplace  and  Lavoisier ;  Dixon*a  TreatiUe  on  ffetU,  p.  29. 

1 

Bamsden ;  idem,  p.  27. 

Smeaton ;  PouiUei,  EUmenti  dt  Physique,  p.  221. 

Troughton ;  idem. 

WoUaston;  idem. 

416.  Expansibility  oftlinlier  diminished^  or  even  rerersed^ 
by  moisture. — ^Mr.  Joule  found  that  moisture  occasioned  a 
marked  diminution  in  the  expansibility  of  timber  by  heat.  After 
a  rod  of  bay-wood  on  which  he  experimented  "  had  been  immersed 
in  water  until  it  had  taken  up  150  grains,  making  its  total  weight 
882  grains,  its  coefficient  of  expansion  was  found  to  be  only 
•000000436.  Experiment's  with  the  rod  of  deal,  weighing  when 
dry  425  grains,  gave  similar  results ;  when  made  to  absorb  water 
its  coefficient  of  expansion  gradually  decreased,  until,  when  it 
weighed  874  grains,  indicating  an  absorption  of  449  grains  of 
water,  expansion  by  heat  ceased  altogether,  and  on  the  contrary,  a 
contraction  by  heat  equal  to  '000000636  was  experienced.* 

417.  Moisture  Increases  the  expansibility  of  some  stones — 
Raisinur  the  temperature  produces  a  permanent  set  In 
others. — "In  the  case  of  greenstone,  and  some  descriptions  of 
marble,  the  effect  of  moisture  was  to  increase  the  amount  of 


•  Ptoc,  Roy.  Soc,  Vol  ix..  No.  28,  p.  8. 
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expansion;  in  other  instances  no  effect  of  this  kind  was  perceptible. 

Mr.  Adie  also  found  that  in  white  Sicilian  marble  a  permanent 

increase  in    length  was  produced  every  time  that  its  temperature 

was  raised,  the  amount  of  increase  diminishing  each  time."* 

41§.  A  chanife  of  temperatare  of  ]5^C.  In  cast-Iron,  and 
9*5°C.  In  nrroQifht-lron,  are  cafialile  of  prodaclnir  a  strain  of 
one  ton  per  sqaare  Inch — llpen-iirork  irli^^i^  In  the  United 
Hlnir^loni  are  liable  to  a  rann^  of  45°C. — The   alteration   of 

length  of  a  cast-iron  bar  within  the  range  of  three  tons  tension  and 

seven  tons  compression  per  square  inch,  which  include  the  ordinary 

limits  of  working  strain,  is  about  '000175  of  the  original  length 

for  each  ton  per  square  inch,  and  its  coefficient  of  linear  expansion 

for  1°C.  =  '000011467  according  to  Adie;  consequently  a  change 

of  temperature  of  about  15°C.  (=  27*^F.)  is  capable  of  developing 

a  force  equal  to  one  ton  per  square  inch.     Again,  if  we  assume 

that  the  alteration  of  length  of  a  bar  of  wrought-iron  for  both 

tensile  and  compressive  strains  =  '000093  of  its  length  for  each 

ton  per  square  inch,  its  coefficient  of  expansion  for  1®C.  being 

•000012204,  a  change  of  temperature  of  about  7-5°C.  (=  13*5°F.) 

is  capable  of  developing  a  force  equal  to  one  ton  per  square  inch. 

Hence,  a  given  change  of  temperature  will  develop  twice  as  much 

force  in  wrought  as  in  cast-iron.    The  range  of  temperature  to 

which  open-work  bridges  through  which  the  air  has  free  access  are 

subject  in  this  country  seldom  exceeds  45°0.  (=  81°F.),  for  which 

range  wrought-iron  alters  -000549,  or  nearly  x^W*^  ^^  ^^  original 

length.     This  change  of  length  is  nearly  equivalent  to  that  which 

would  be  produced  by  a  strain  of  6  tons  per  square  inch.     The 

range  of  temperature  of  cellular  flanges  may,  however,  exceed  that 

mentioned  above,  as  Mr.  Clark  mentions  that  the  temperature  of 

the  Britannia  Tubular  Bridge,  before  it  was  roofed  over,  differed 

**  widely  from  that  of  the  atmosphere  in  the  interior,  for  the  top 

during  hot  sunshine  has  been  oberved  to  reach  120^F.,  and  even 

considerably  more ;  and,  on  the  other  hand,  a  thermometer  on  the 

surface  of  the  snow  on  the  tube  has  re^stered  as  low  as  16^F."t 

« 

*  Dixon's  Treatiu  on  ffeat,  p.  84. 

f  Britanma  and  Convay  Tubular  Bridga  p.  71 
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A  familiar  instance  of  the  contractile  force  of  wronght-iron  in 
cooling  is  exhibited  in  the  tires  of  wheels.  "  An  ingenious  appli- 
cation of  this  force  was  also  made  in  the  case  of  a  gallery  in  the 
Conservatoire  des  Arts  et  Metiers  in  Paris,  whose  walls  were 
forced  outwards  by  some  horizontal  pressure.  To  draw  them 
together  M.  Molard,  formerly  director  of  the  Museum  in  that 
establishment,  had  iron  bars  passed  across  the  building,  and 
through  large  plates  of  metal  bearing  on  a  considerable  surface  of 
the  external  walls.  The  ends  of  these  bars  were  formed  into 
screws,  and  provided  with  nuts,  which  were  first  screwed  close 
home  against  the  plates.  Each  alternate  bar  was  then  elongated 
by  means  of  the  heat  of  oil  lamps  suspended  from  it,  and  when 
expanded  the  nuts  were  again  screwed  home.  The  lamps  being 
removed,  the  bars  contracted,  and  in  doing  so  drew  the  walls 
together.  The  other  set  of  bars  was  then  expanded  in  the  same 
manner,  their  nuts  screwed  home,  and  the  waU  drawn  in  through 
an  additional  space  by  their  contraction.  And  this  series  of 
operations  was  repeated  until  the  walls  were  completely  restored 
to  the  vertical,  in  which  position  the  bars  then  served  permanently 
to  secure  them."* 

419.  TaliDlar  plate  irii^^ni  ai^  saljeet  to  Tertlcal  and 
lateral  motions  flrom  chanses  of  temperature — <^pen-work 

fflrders  are  nearly  qalte  flree  flrom  tbese  movements. — ^In 

addition  to  the  longitudinal  movements  to  which  all  girders  are 
subject  from  changes  of  temperature,  tubular  plate  girders  move 
vertically  or  laterally  whenever  the  top  or  one  side  becomes  hotter 
than  the  rest  of  the  tube.  Referring  to  the  Britannia  Tubular 
Bridge,  Mr.  Clark  states  that  *^  even  in  the  dullest  and  most  rainy 
weather,  when  the  sun  is  totally  invisible,  the  tube  rises  slightly, 
showing  that  heat  as  well  as  light  is  radiated  through  the  clouds. 
On  veiy  hot  sunny  days  the  lateral  motion  has  been  as  much  as  3 
inches,  and  the  rise  and  fall  2  inches  and  •/^ths."t  These  vertical 
and  lateral  motions  have  not  been  much  observed  in  lattice  or 
open-work  girders;  no  doubt  because  the  air  and  sunshine  have 

*  Dixon's  Trtaiise  <m  Seat,  p.  121. 
t  TvJtndofr  Bridget,  p.  717. 
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free  access  to  all  parts  and  thus  produce  an  equable  temperature 

throughout  the  whole  structure. 

490.  TransTerse  strenytli  of  ea0t-lron  not  affected  by 
eliaiiffefl   of  temperature    between    lO^F.    and    600^F. — 

It  appears  from  Sir  William  Fwbaim's  experiments  on  the  trans- 
verse strength  of  cast-iron  at  various  temperatures  from  16^F. 
upwards,  that  its  strength  **  is  not  reduced  when  its  temperature 
is  raised  to  600^F.,  which  is  nearly  that  of  melting  lead;  and 
it  does  not  differ  very  widely,  whatever  the  temperature  may  be, 
provided  the  bar  be  not  heated  so  as  to  be  red  hot.'** 

491.  Tensile  strength  of  plate-Iron  nnlform  flrom  O^F.  to 
400^F« — It  also  appears  from  Sir  William  Fairbaim's  experiments 
on  wrought-iron  at  various  temperatures  that  the  tensile  strength 
of  plates  is  substantially  uniform  between  0°F.  and  400*^F.  This 
result  is  corroborated  by  the  experiments  of  the  committee  of  the 
Franklin  Institute  appointed  to  report  on  the  strength  of  materials 
employed  in  the  construction  of  steam  boilers.  Sir  Wm.  Fairbaim 
also  found  that  the  strength  of  the  best  bar-iron  was  increased 
about  one-third  when  the  temperature  reached  320**F.,  after  which 
it  again  diminished,  f  This,  however,  seems  anomalous,  and  further 
confirmation  would  be  desirable. 

*  Hodgldiison*8  Exp.  Ret.,  p.  878. 

t  Utefid  IfrfbrinaUon  for  Engineers,  second  aeries,  pp.  114, 124. 
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FLANGES. 

499.  C^aiit-iron  if  rders. — The  compression  flange  of  cast-Iron 
girders  is  frequently  made  stronger  than  is  theoretically  necessary 
for  the  purpose  of  rendering  it  sufficiently  stiff  to  resist  side 
pressure,  vibration,  or  other  disturbing  causes;  in  a  word,  to  resist 
flexure.  As  the  average  crushing  strength  of  cast-iron  is  about 
5  times  its  tensile  strength,  theory  indicates  the  most  economical 
proportion  of  the  compression  to  the  tension  flange,  when  both  are 
horizontal,  to  be  also  1  to  5  (19),  whereas  it  is  generally  made 
much  stronger  than  this,  its  area  being  sometimes  one-third  of 
that  of  the  tension  flange.  Hence,  cast-iron  girders  rarely  fail  in 
the  compression  flange  and  it  is  a  common  practice  to  calculate 
their  strength,  as  well  as  that  of  wrought-iron  girders,  from  the 
leverage  of  the  tension  flange  by  the  following  well-known  modifi- 
cation of  eq.  18 : — 

W  =  ?^  (249) 

V 

in  which  W  =  the  breaking  weight  at  the  centre  in  tons, 

a  =  the  net  area  of  the  tension  flange  in  square  inches, 
d  =  the  depth  of  the  web  at  the  centre  in  inches, 
I  =2  the  length  between  bearings  in  inches, 
c  =  a  coefficient  depending  on  the  material. 
For  cast-iron  double-flanged  girders  the  coefficient  c  =  4  x   7 
=  28,  the  average  tensile  strength  of  simple  cast-irons  being  about 
7  tons  per  square  inch.     For  wrought-iron  box  girders  with  equal 
flanges,  c  =  4  x  20  =  80,  the  tensile  strength  of  ordinary  plate 
iron  being  about  20  tons  per  square  inch.     This  equation  omits  any 
strength  derived  from  the  vertical  web  acting  as  an  independent 
rectangular  girder  (lOO) ;  it  gives,  therefore,  too  low  a  result  when 
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the  area  of  the  web  forma  a  large  portion  of  the  t^tal  cross  eection, 
or  when  the  tensile  strength  of  caat-iron  exceeds  7  tons;  on  the 
other  hand,  the  formula  will  give  too  high  a  result  with  narrow 
plate  girders  which,  if  unsupported,  generally  fail  by  bending 
sideways. 

4«S.  Ccllnlar  Oaagen. — The  closed  cell  was  for  some  years 

a  favourite  form  for  the  compression  flange  of  tubulnr  plate  girders, 

whercaa  the  tent>ion  flange  was  generally  made  of  one  or  several 

plates  riveteil  together  so  as  to  form  practically  one  thick  plate. 

Rg.  107. 


The  adoption  of  the  cell  in  this  instance  arose  from  the  impression 
that  it  was  better  adapted  than  other  forma  of  pillar  for  resisting 
flexure,  and  so  no  doubt  it  was  when  used  as  a  pillar  without 
extraneous  support.  Its  connexion  with  the  continuous  web,  how- 
erer,  prevents  the  flange  from  deflecting  in  a  vertical  direction, 
for  at  each  point  along  its  length  it  ia  held  ri^dly  in  the  direction 
of  the  thrust,  nor  can  it  escape  from  this  vrithout  separating  fiY)m 
the  wde  plates,  and  it  is  obvious  that  a  very  moderate  force  will 
hold  a  pillar  in  the  line  of  thrust  when  the  flexure  is  of  trifling 
amount  (1A8).  It  should  also  be  kept  in  view  that  the  etiflhess  of 
a  long  unsupported  plate  to  reust  flexure  is  proportional  to  the  cube 
of  its  thickness  (MS),  and  consequently,  if  the  top  and  bottom 
plates  of  the  cell  be  riveted  together,  we  have  a  plate  8  times  as 
stiff  as  either  separately.    If  to  these  we  add  the  central  plate  and 
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the  upper  half  of  each  side  of  the  cell  (so  as  to  leave  the  depth 

of  girder  measured  from  the  centre  of  the  cell  to  the  lower  flange 

unaltered)  and  the  spare  angle  irons,  we  have  a  top  flange  at  least  3 

times  as  thick  and  therefore  27  times  as  stiff  to  resist  vertical  flexure 

as  the  unsupported  top  of  the  original  cell.     Though  we  do  not 

thoroughly  know  the  laws  which  govern  the  buckling  of  the  sides 

of  a  tube  (M5),  it  is  evident  that  the  pile  of  plates  possesses  a 

superiority  over  the  cell  in  this  respect.     It  is,  moreover,  clear  that 

the  lateral  stifihess  of  the  flange  is  scarcely,  if  at  all,  affected  by 

using  one  thick  plate  of  the  same  width  and  sectional  area  as  the 

cell,  for,  regarding  the  pile  as  a  girder  on  its  side,  we  have  the 

adjacent  parts  of  the  double  web  performing  the  duty  of  flanges  in 

place  of  the  sides  of  the  cell.     One  great  objection  to  the  cell  is 

this ;  a  large  extent  of  surface  is  exposed  to  corrosion  and  is  at  the 

same  time  difficult  of  access  and  therefore  liable  to  be  neglected; 

at  the  best  its  preservation  is  costly,  and  depends  on  the  amount  of 

care  which  the  painter  may  feel  inclined  to  bestow  on  an  irksome  task, 

for  the  proper  completion  of  which  he  feels  but  little  responsibility 

since  his  work  is  rarely  inspected,  while  during  its  tedious  and 

unhealthy  performance  he  is  obliged  to  assume  an  unnatural  and 

fatiguing  posture.* 

494.    Piled    flanires — ^liOiiir    rlTets    not    oltfeetioiiable. — 

When  several  plates  are  built  into  one  pile  it  may  be  objected  that 
great  length  of  rivet  is  required,  and  that  the  workmanship  is  in 
consequence  less  sound ;  but  this  objection  has  no  real  value  so  far 
as  the  riveting  is  concerned.  In  parts  of  the  Britannia  Tubular 
Bridge  rivets  passed  through  six  layers  of  iron  of  an  aggregate 
thickness  of  nearly  3^  inches,t  and  in  the  Boyne  Viaduct  many 
rivets  passed  through  six  and  seven  plates,  and  in  some  parts  even 
nine.  As  I  had  forgotten  the  exact  method  of  manipulating  these 
long  rivets  at  the  Boyne  Viaduct,  I  obtained  from  Mr.  Colville, 

*  A  painful  BoreneBB  of  the  eyes  and  tendency  to  faint  are  experienced  in  close 
cells  whenever  the  stifling  Taponr  of  new  lead  paint  is  not  removed  by  constant 
currents  of  fresh  air  passing  through  them.  Hence,  when  the  ventilation  is  defective, 
the  painter  must  oome  out  at  short  intervals  to  breathe  the  fresh  air. 

t  Bntannia  and  C<mway  TvJMar  Bridge^  p.  675. 
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the  intelligent  superintendent  of  the  iron-work,  the  following 
detidls: — 

''The  longest  rivet  we  had  was  about  8  inches  long  and  the 
holes  must  be  well  rimed  out.  The  rivets  were  kept  cool,  head 
and  point,  by  dipping  in  water,  and  the  body  of  the  rivet  made 
very  hot,  which  enabled  the  workmen  to  use  the  cup  tool  and  the 
heavy  hammer  at  once.  Some  of  the  long  rivets  I  had  cut  out 
after  being  riveted,  to  see  what  they  looked  like,  and  I  must  say 
they  filled  better  than  I  expected,  being  at  top  of  the  piers,  which 
was  very  difficult  to  get  to.  I  see  no  difficulty  in  riveting  such 
thickness  as  was  at  the  Boyne  Bridge,  but  it  must  be  with  care  in 
the  heating  of  the  rivets  and  using  about  a  14  ifo.  hammer  and  cup 
tools.  Common  light  riveting  hammers  would  only  upset  the 
rivet  at  the  point  and  would  not  fill  in  the  body  in  such  thickness 
as  4^  to  5  inches."  Mr.  Clark  made  some  experiments  on  rivets  12 
inches  long,  most  of  which  "broke  at  the  head  in  cooling,  and  it  was 
found  necessary  to  cool  the  centre  part  of  the  rivet  artificially 
previous  to  inserting  them,  the  head  and  tail  alone  remaining  red- 
hot.  In  this  manner  the  contraction  was  avoided  and  the  rivets 
remained  sound."  This  seems  to  be  the  reverse  of  the  practice  at 
the  Boyne  Bridge,  but  it  is  probable  that  in  Mr.  Clark's  experi- 
ments the  heads  of  the  rivets  were  damaged  by  prolonged  hammer- 
ing with  light  hammers,  as  he  inserted  some  red-hot  rivets  8  feet 
long  in  some  castings  of  great  strength,  which,  therefore,  could  not 
yield  to  the  tension,  and  these  rivets  on  cooling  remained  in  all 
cases  perfectly  sound  and  had  merely  undergone  a  permanent 
extension  proportionate  to  the  temperature.* 

495.  Ponchlnir  and  diilllnir  tools. — Careful  attention  is  doubt- 
less required  in  punching  plates  so  that  the  holes  in  the  successive 
layers  may  coincide,  and  without  proper  precaution  much  trouble 
and  expense  would  be  incurred  in  subsequent  riming  out  the  holes, 
but  this  labour  may,  to  a  great  extent,  be  avoided  by  using  accurate 
templates,  or  when  the  magnitude  of  the  work  warrants  such  an 
outlay,  by  punching  machines  similar  to  the  Jacquard  machine  used 

*  The  Tubular  Bridges,  p.  895. 
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at  the  Conway  Bridge,  and  subsequentlj  at  the  Boyne  Viadact  and 
Canada  Works,  and  constructed  expressly  for  the  purpose  of  pro- 
dudng  accurate  repetitions  of  any  required  pattern.*  Drilling  tools 
for  boring  several  holes  at  once  have  been  introduced  with  much 
success,  as  at  Charing-cross  Bridge.  Such  tools  will  often  repay 
their  first  cost  by  the  saving  of  manual  labour  in  punching  and 
plating,  besides  insuring  more  accurate  work,  but  for  ordinary 
girder-work  the  common  punching  machine  is  the  cheapest  tool. 

4M.  Position  of  roadway — CompreMlon  llaii|re  stUfencd 
by  the  coHipreMlon  liraelnir  of  tbe  web* — The  roadway  is 
generally  attached  to  one  or  other  of  the  flanges,  but  is  sometimes 
placed  midway.  The  latter  position  is  objectionable,  since  we  then 
lose  the  advantage  of  horizontal  rigidity  which  the  roadway  imparts 
to  the  flange  to  which  it  is  attached.  Moreover,  less  material  is 
generally  required  for  forming  the  connexion  between  the  cross* 
girders  and  the  main  girders  at  the  flanges  than  elsewhere.  When 
local  circumstances  do  not  determine  the  level  of  the  road  it  may  at 
first  sight  appear  desirable  to  connect  it  with  the  upper  or  compres- 
sion flanges,  so  as  to  stiffen  them  against  horizontal  flexure,  and 
this  is  generally  the  best  position  with  shallow  ^rders,  as  it  allows 
the  load  to  be  placed  more  immediately  over  the  longitudinal  axis 
of  each  girder  and  thus  dispenses  with  heavy  cross-orders,  which 
is  often  a  very  important  saving,  besides  removing  any  tendency  to 
unequal  stndn  which  a  one-sided  load  on  the  lower  flanges  might 
produce.  But  with  large  and  deep  ^rders,  independently  of  the 
theoretic  consideration  that  the  lower  the  centre  of  gravity  the 
more  stable  the  structure,  some  slight  counterbalancing  advantage 
results  from  connecting  the  road  with  the  lower  flange,  as  the 
expense  of  a  parapet  is  saved  and  there  is  a  greater  appearance  of 
security  when  a  tndn  travels  through,  instead  of  over,  a  tubular 
bridge.  When  the  roadway  is  attached  to  the  lower  flanges  and  the 
depth  of  girder  is  not  suflSicient  to  admit  of  cross-bracing  between  the 
upper  flanges,  the  horizontal  stifihess  of  the  road  is  communicated 
to  the  upper  flanges  by  the  internal  bracing  of  the  compression 

*  For  a  descriptioii  of  this  xuAchme  aee  Put  121  of  the  OivU  Engindori  and  ArchiUcU 
Jovmnal. 
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braces  when  the  web  is  s  double-latticed  web  like  Fig.  102,  or 
by  vertical  angle-iron  frames  when  the  web  is  plated,  and  in  the 
latter  case  triangular  guBseta  are  Bometimes  introduced  to  connect 
these  Btiffeniiig  (ramee  with  the  croBs-gitders.  The  croBB-girdera 
are  also  occasionally  prolonged  like  cantilevers  and  their  extremities 
connected  by  raking  struts  with  the  upper  flanges,  as  is  usual  in 
the  parapets  of  wooden  bridges. 

417.  Waste  of  nateiiftl  In  flanirefl  of  UBlfbrai  flectlfm — 
Arched  upper  flanse — Waste  of  material  In  contlaasa* 
i^rdera  croasiav  oiieqaal  Rpans. — It  frequently  happens  that 
the  flanges  have  a  greater  sectional  area  near  th^  ends  than  theory 
requires,  in  order  to  preserve  the  symmetry  of  the  flange  through- 
out its  entire  length  and  avoid  injudicious  thinning  of  the  material. 
This  soim;e  of  loss  does  not  exist  in  the  bowstring  girder,  as  in  it 
the  strain  is  nearly  uniform  throughout  each  flange.  A  compromise 
may  be  effected  between  the  bowstring  girder  and  that  with  parallel 
flanges  by  arching  the  upper  flange,  as  in  Fig.  108.  In  this  form 
of  girder  the  strains  near  the  ends  of  each  flange  are  increased  and 
Tig.  108. 


thus  the  extra  material  is  utilized  at  the  same  time  that  the  strains 
in  the  end  braces  are  diminished  in  consequence  of  the  oblique 
flange  taking  a  share  of  their  shearing  strain.  The  mode  of  calcu- 
lation is  the  same  as  for  the  bowstring  girder.  For  a  similar  cause 
to  that  just  mentioned  there  is  sometimes  a  waste  of  material  in  the 
flanges  of  continuous  girders  of  uniform  depth  crossing  spans  of 
very  unequal  length.  In  this  case  the  segments  over  the  smaller 
spans  are  much  deeper  in  proportion  to  their  length  than  those  over 
the  larger  spans,  and  hence  a  considerable  waste  of  material  may 
arise  Irom  carrying  the  general  design  of  the  flanges  symmetrically 
throughout. 
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498.  An  excess  of  strength  In  one  flanife  does  not  Increase 
the  strength  of  liraeed  i^lrdersj  thoaiph  It  may  sUi^htly  In- 
crease the  strenfpth  of  i^lrders  with  contlnnons  webs. — If 

the  flanges  of  a  braced  girder  be  well  proportioned,  both  flanges 
will  fail  simultaneously  mth  the  breaking  load,  and  any  increase  of 
strength  in  one  flange  only  does  not  increase  the  strength  of  the 
girder,  but  rather  diminishes  its  useful  strength  by  the  excess  of 
dead  weight.  When,  however,  the  web  is  continuous,  an  increase 
of  strength  is  produced  by  enlarging  one  of  the  flanges  beyond  its 
due  proportion  for  the  following  reason : — The  unit-strain  in  the 
re-enforced  flange  is  less  than  before;  consequently,  there  is  less 
alteration  in  its  length  from  strain  and  the  neutral  surface  ap- 
proaches closer  to  it  than  if  the  flianges  were  duly  proportioned ; 
hence,  a  larger  proportion  of  the  web  aids  the  weaker  flange.  The 
useful  strength  of  the  girder,  however,  is  not  necessarily  increased, 
since  the  extra  strength  thus  obtained  may  merely  suffice  to  sup- 
port the  extra  weight  of  the  re-enforced  flange  (lOO). 

489*  Bearlnir  snrfhce  on  the  ahatments — ^Worklny  load 
on  expansion  rollers. — The  area  of  bearing  surface  of  a  girder 
on  the  abutments  should  be  sufficient  to  prevent  undue  crushing 
of  the  wall-plates  on  top  of  the  abutments.  A  common  rule  for 
cast-iron  girders  is  to  make  the  length  of  bearing  on  the  abutment 
equal  to  the  depth  of  the  girder  at  the  middle,  say  -^^jth  of  the 
span.  It  does  not  seem  desirable  to  put  a  greater  pressure  on 
cast-iron  expansion  rollers  than  2  or  3  tons  per  linear  inch,  and 
where  the  length  of  a  girder  does  not  exceed  150  feet,  creosoted 
timber  wall-plates  will  generally  be  found  preferable  to  rollers  or 
metallic  sliding  beds,  both  of  which  are  apt  to  become  rigid  (414). 
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480.  Plate  web — Calcolatlon  of  strains. — In  lattice  ^rders 
the  flanges  and  the  compression  braces  are  intersected  at  short 
intervals  and  thus  divided  into  short  pillars  as  far  as  their 
tendency  to  flexure  in  the  plane  of  the  girder  is  concerned;  this 
support  is  carried  to  its  extreme  limit  in  plate  girders,  the  charac- 
teristic feature  of  which  is  the  continuity  of  the  vertical  connexion 
(single  or  double,  as  the  case  may  be)  between  the  flanges.  As  the 
thin  webs  of  plate  girders  are  ill  adapted  to  resist  buckling  or 
flexure  under  compression,  it  is  usual  to  stiffen  them  by  vertical  T 
or  angle  irons  reaching  from  flange  to  flange,  like  the  frames  of  a 
ship.  On  a  little  consideration  it  will  be  obvious  that  these 
stiffening  frames  make  the  web  more  rigid  at  short  intervals  in 
vertical  lines;  thus  this  method  of  constructing  plate  ^rders 
resembles  the  vertical  and  diagonal  bracing  investigated  in  the 
sixth  chapter,  and  the  strains  in  the  web  may  be  approximately 
calculated  in  the  manner  there  described,  though  they  are  more 
frequentiy  obtained  from  the  shearing-strain,  as  explained  in  54. 
If  these  frames  are  placed  diagonally  in  place  of  vertically,  the  web 
will  resemble  the  class  of  bracing  investigated  in  the  fiflh  chapter 
and  should  be  treated  accordingly. 

481.  Amblffolty  respeetini:  direetlon  of  strains  in  eon- 
tinnons  welis — Braelni:  i^eneraliy  more  eeonomieal  than 
platinip — ^Hinimum  tiiiel^ness  of  piatini:  in  practice — ^ReiatiTe 

eorrosion  of  metals. — Besides  these  compressive  strains  acting 
in  directions  more  or  less  defined,  there  exist  in  the  web  of  every 
plate  girder  diagonal  tensile  strains  which  cross  the  stiffening  frames 
and  whose  directions  are  not  so  clearly  defined  and  doubtless  vary 
to  some  extent  with  every  position  of  the  load.    It  thus  appears 
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that  some  portions  of  the  web  of  plate  girders  are  simultaneously 
sustaining  tension  and  compression  and  it  might  therefore  seem  at 
first  sight  that  a  continuous  web  is  more  economical  than  one 
formed  of  diagonal  bracing,  since  in  the  former  arrangement 
the  same  piece  of  material  performs  a  double  duty,  which  in  the 
diagonal  system  requires  two  distinct  braces  (999).  Theoretically 
this  view  is  correct  if  it  be  conceded  that  one  and  the  same  portion 
of  material  is  capable  of  sustaining  without  injury  both  tensile  and 
compressive  strains  transmitted  through  it  simultaneously  at  an 
angle  with  each  other  and,  in  the  absence  of  direct  experiment, 
ihere  seems  some  reason  for  believing  this  to  be  the  case  within  the 
limits  of  stndn  which  are  considered  safe  in  practice.  For  instance, 
the  shell  and  ends  of  a  cylindrical  boiler  with  internal  flue  are 
subject  to  tensile  strains,  the  former  in  two  directions  at  right  angles 
to  each  other,  the  latter  in  various  directions,  while  the  flue  is 
subject  to  tension  longitudinally  and  compression  transversely. 
Again,  experiments  on  the  strength  of  riveted  joints  have  not 
indicated  any  source  of  weakness  in  the  plates  other  than  that  due 
to  the  reduction  of  area  by  the  rivet  holes  or  the  mode  of  punch- 
ing, and  if  moderate  compression  does  reduce  tensile  strength, 
closely  riveted  joints,  such  as  those  of  boilers,  would  be  perceptibly 
weakened  by  the  compression  caused  by  the  contraction  of  the 
rivets  in  cooling.  Further,  in  experiments  on  the  tensile  strength 
of  iron  bars,  their  end^  are  frequently  grasped  by  powerful  nippers 
which  compress  them  sufficiently  to  prevent  the  bar  slipping 
through,  and  it  seldom  breaks  where  thus  compressed,  rupture 
generally  taking  place  near  the  centre.  It  seems,  therefore,  reason- 
able to  infer  that  a  moderate  strain  of  either  kind  does  not  afiect 
the  ultimate  strength  of  iron  to  sustain  a  strain  of  the  other  kind 
at  right  angles  to  the  former.  However  this  may  be,  practical 
reasons  prevent  plate-iron  webs  from  being  so  economical  as  those 
formed  of  bracing,  except  in  small  or  shallow  girders,  or  girders 
which  sustain  unusually  heavy  loads  and  in  which  therefore  the 
shearing  strain  is  exceptional,  or  near  the  ends  of  ^rders  of  very 
large   span;    for  unless  the  plating  be  reduced  in  thickness  to 

the  extent  which  theory  indicates  as  sufficient,  but  which  is  quite 

2  D 
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unsuitable  for  practical  reasons,  the  bars  of  the  braced  web  will 
require  so  much  less  material  than  the  continuous  web  of  a  plate 
girder  as  to  make  the  former  really  the  more  economical. 

One  quarter  inch  may  be  assumed  to  be  the  minimum  thickness 
that  experience  sanctions  for  the  plating  of  permanent  structures. 
A  thinner  plate  than  this  may  with  care  last  for  years,  but  few 
engineers  would  wish  to  risk  the  stability  of  any  important 
structure  on  the  chance  of  such  frequent  attention  to  prevent 
corrosion  as  so  great  a  degree  of  tenuity  would  require.  Indeed, 
■f^  is  quite  thin  enough  for  ordinary  practice,  and  f  or  ^  inch  if  a 
girder  is  within  the  influence  of  air  charged  with  salt,  as  when 
railway  bridges  cross  tidal  estuaries.  Mr.  Mallet  gives  the  relative 
oxidation  of  certain  metals  in  moist  air  as  follows  :* — 

Cast-u*on,  -        -        -        -    '42 

Wrought-iron,  -        -        -        -    -54 

Steel, -56 

He  also  states  at  p.  27  of  his  third  report  to  the  British  Associa- 
tion in  1843  on  the  action  of  air  and  water  upon  iron,  that  in  one 
century  the  depth  of  corrosion  of  Low  Moor  Plates,  as  deduced 
from  his  experiments,  would  be — 


Inch. 

0-215 
0-404 
0035 


In  clear  sea  water. 
In  foul  sea  water, 
In  clear  fresh  water  only, 

489.  Platiny  more  eeonomlcal  tban  braeini:  near  the  ends 
of  Tery  \on%  i^irders — ContlnaoiM  webs  more  eeonomieal  In 
shallow  than  In  deep  girders. — ^When  the  span  is  of  great 

extent  the  opens  between  the  braces  towards  the  ends  become 

smaller  from  the  increased  width  of  the  bars  and  therefore  nearly 

equal  to  their  overlap ;  hence,  there  is  a  certain  length  of  girder 

beyond  which  it  may  be  found  more  economical  to  form  the  ends 

of  the  web  of  continuous  plating  and  the  intermediate  portion  of 

diagonal  bracing.    The  length  of  girder  at  whose  extremities  the 

same  amount  of  material  is  required  for  the  web,  whether  formed 

of  bracing  or  of  plates,  depends,  among  other  things,  on  the  ratio 


*  On  the  Condruetion  of  Art^Uery,  p.  138. 
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of  depth  to  span.  lo  large  rulway  girders,  in  whicli  this  ratio  is 
frequently  about  1  to  15,  the  span  beyond  which  it  becomes  more 
economical  to  substitute  plating  near  the  ends  in  place  of  bracing 
lies  between  300  and  400  feet.  Take,  for  instance,  the  single-line 
railway  bridge  of  400  feet  span,  whose  weight  is  calculated  in 
Example  4,  in  the  chapter  on  the  estimation  of  girder-work. 
The  length  is  400  feet  and  the  depth  is  2667  feet,  or  l-15th  of 
the  length,  and  the  maximum  weight,  including  the  permanent 
load,  which  the  bridge  has  to  support  is  1,490  tons  distributed 
uniformly.  One-fourth  of  this,  or  372*5  tons,  is  the  shearing-strun 
supported  by  the  web  at  each  end  of  each  muo  girder.  Now,  if  the 
bracing  be  at  an  angle  of  45°,  which  is  the  angle  of  economy,  the 
strain  in  the  end  diagonals  will  equal  the  shearing-strain  multiplied 
by  1'414,  =  526*7  tons,  requiring,  at  4  tons  per  square  inch,  a 
gross  section  of  131'7  square  inches.*  If  the  iron  be  half-inch 
thick,  the  width  of  the  end  diagonal  will  equal  263  inches,  as  in 
Fig.  109,  in  which  for  simplicity  only  one  system  of  triangulation 
is  represented,  since  the  overlap  will  be  the  same  whether  one  or 
several  systems  be  adopted. 

Fig.  109. 


It  is  evident  that  the  overlap  of  the  bare  considerably  exceeds  the 
open  spaces.  This  example^  therefore,  has  attained  the  sjKin  beyond 
which  it  would  be  more  economical  to  employ  plating  for  the  end 
portions  of  the  web.  If  f-inch  plating  be  considered  sufficiently 
thick  the  limit  would  of  course  happen  sooner.  If,  however,  the 
depth  were  greater  than  l-15th  of  the  length,  the  limit  would  be 

*  In  coiueqaenoe  of  the  rivet  Lolas,  1  ton*  per  sqaore  inoh  o[  gnm  HBCtioD  ii  for 
tenirile  itrajn  Hnuned  equiralent  to  6  toni  per  Bquare  iccb  of  iLet  aectioa. 


404  WEB.  [chap.  XXI. 

greater  than  in  our  example.  It  is  obvious  also,  from  what  has 
just  been  stated,  that  the  relative  economy  of  plate  webs  is  greater 
in  shallow  than  in  deep  girders ;  for,  if  bracing  were  used,  the 
opens  between  the  braces  would  be  much  smaller  in  the  former 
than  in  the  latter  case,  and  consequently,  if  these  opens  be  filled 
up  by  continuous  plating,  there  will  be  less  waste  of  material  in 
the  shallow  than  in  the  deep  girder. 

488.  Greater  proportion  of  a  eontfnooas  web  aTailable 
for  llanipe-stralns  In  shallow  than  In  deep  i^ii^^n^ — That 
plate  girders  derive  from  the  continuity  of  the  web  some  increase 
of  strength  over  that  due  to  the  sectional  area  of  the  flanges  is 
certain  (lOO),  but  the  amount  of  horizontal  strain  which  a  thin  web 
is  capable  of  transmitting  is,  in  large  girders,  generally  too  indefinite 
to  admit  of  any  considerable  reduction  in  the  area  of  the  flanges  on 
this  account  and  is,  therefore,  practically  of  slight  importance,  for 
it  seems  unlikely  that  horizontal  strains  of  compression  can  be 
transmitted  with  much  energy  through  the  thin  continuous  web 
of  a  deep  girder,  except  in  that  portion  which  is  close  to  the  flange 
and  therefore  stiffened  against  buckling  by  its  connexion  therewith. 
In  shallow  plate  girders,  however,  such  as  those  used  for  the  cross- 
girders  of  bridges,  deck-beams  of  ships,  fire-proof  floors,  &c.,  the 
web  generally  forms  a  large  portion  of  the  whole  section,  possesses 
considerable  strength  by  itself,  and  is  therefore  available  for  hori- 
zontal as  well  as  vertical  strains.  These  considerations  show  that 
the  flanges  of  a  shallow  plate  girder  derives  a  greater  percentage 
of  aid  from  the  web  than  those  of  a  deep  girder. 

434.  Hefleetlon  of  plate  n^lrders  sahstantlally  the  same 
as  that  of  lattice  n^lrders. — From  these  considerations  it  would 
also  appear  that  the  deflection  of  plate  girders  is  little,  if  at  all,  less 
than  that  of  lattice  girders,  the  length,  depth  and  flange-area  being 
the  same  in  both ;  for  if  their  flanges  be  subject  to  the  same  unit- 
strains,  their  deflections  will  be  alike  (M8).  Even  assuming  that 
the  web  does  relieve  the  flanges  of  horizontal  strain  to  the  full 
extent  which  theory  indicates,  the  deflection  will  not  be  very 
materially  diminished  thereby,  for  it  appears  from  eq.  151  that 
a  continuous  web  is  for  horizontal  strain  equivalent  to  only  ^th 
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of  its  area  placed  in  each  flange.  Plate  girders,  it  is  true,  are 
generally  thought  to  be  stifFer  than  those  with  braced  webs,  and 
closely  latticed  girders  than  those  with  only  one  or  two  systems 
of  triangulation,  but  I  am  not  aware  of  accurate  comparative 
experiments  on  this  subject.  It  is  quite  possible  that  when  the 
compression  flange  has  but  few  points  supported  by  intersecting 
braces  it  may  assume  under  strain  a  slightly  undulating  line,  and 
therefore  be  a  little  shorter  than  a  similar  flange  held  straight  at 
short  intervals  by  close  latticing  or  a  plate  web;  this  would  of 
course  increase  the  deflection. 

485.  Webs  of  east-Iron  i^irders  often  add  materially  to 
their  strength. — The  webs  of  cast-iron  girders  are  usually  made 
much  stronger  than  is  required  for  the  mere  transmission  of  the 
shearing-strain.  Hence,  they  rarely  require  stiffening  ribs,  and  the 
web  should  add  to  the  strength  of  such  girders,  calculated  merely 
from  the  leverage  of  either  flange  round  the  other  as  a  fulcrum,  by 
an  amount  nearly  equal  to  the  breaking  weight  of  the  web  taken 
separately.  Stificning  ribs  are  generally  to  be  avoided  in  cast-iron 
girders,  as  they  have  been  found  to  cause  rupture  in  some  instances 
from  unequal  contraction  of  the  metal. 

480.  lllnate  theoretle  aeenraey  undesirable. — In  construct- 
ing wrought' iron  girders  of  small  span,  say  under  30  or  40  feet, 
it  is  generally  more  economical  to  make  the  lattice  bars  of  one,  or 
at  most  of  two  sizes  throughout,  even  though  they  might  be  safely 
reduced  in  section  as  they  approach  the  centre.  This  arises  from 
the  expense  and  trouble  of  having  different  templates  and  a  stock 
of  bars  of  various  sizes.  It  is,  therefore,  cheaper  to  have  a  slight 
excess  of  material  than  go  to  the  nicety  of  sizes  which  would  be 
theoretically  strong  enough.  For  a  similar  reason  2^  inches  may 
be  assumed  to  be  the  minimum  useful  width  for  a  lattice  bar  of 
ordinary  railway  girders.  When  of  less  width  it  is  generally 
necessary  to  swell  out  the  rivet  holes  in  the  forge,  so  as  to  avoid 
reducing  the  effective  section  of  the  bar  and,  independently  of  the 
bad  effect  sometimes  produced  by  heating  the  iron,  this  process  is  of 
course  more  expensive  than  cold  punching.  One  result  of  all  this  is 
that  the  central  bracing  is  generally  stronger  than  theory  requires. 
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487.  Hfoltlple  and  slnirlc  systemui  of  triangnlatlon  eom- 
liared — lilmpllclty  of  deslipi  desirable — Ordinary  slaes  of 

Iron.— This  leads  to  another  consideration,  viz.,  the  niimber  of 

systems  employed  in  bracing.     It  has  been  already  stated  in  15S 

that  the  practical  advantage  of  a  multiple  over  a  single  system  of 

triangulation  consists  in  the  more  frequent  support  given  to  the 

compression  bars  by  those  in  tension,  and  by  both  to  the  flanges, 

thus  subdividing  the  parts  which  are  subject  to  compression  into  a 

number  of  short  pillars  and  restraining  them  from  deflection,  chiefly 

in  the  plane  of  the  girder.    It  may  also  be  urged  in  favour  of  close 

latticing,  that  if  an  accident,  such  as  an  engine  running  off  the  line, 

occurs  on  a  bridge  with  the  braces  few  and  far  apart,  that  in  such  a 

case  the  safety  of  the  whole  structure  is  menaced  by  the  fracture  of 

a  single  bar,  whereas  a  closely  latticed  or  plate  girder  is  not  only 

freer  from  this  danger,  but  affords  greater  security  in  case  of  one 

bar  being  originally  defective,  while  to  the  public  eye  it  has  the 

semblance  of  greater  safety,  a  consideration  not  altogether  to  be 

despised.'    The  number  of  systems  adopted  will  also  depend  on  the 

distance  between  the  cross-girders  which  generally  occur  at  an 

apex,  and  on  the  practical  consideration  of  what  sized  material  is 

the  most  economical ;  and  this  again  will  depend  on  two  things,  the 

first  cost  of  iron  qf  small  and  large  scantlings  and  the  subsequent 

cost  of  workmanship,  which  latter  item  varies  much  according  to 

the  simplicity  or  complexity  of  the  design.     No  definite  rule  can 

be  laid  down  for  all  cases,  but  one  consideration  of  importance 

should  not  be  overlooked  in  seeking  afler  apparent  economy  at  the 

outset.    The  larger  the  scantlings  and  the  more  simple  the  method 

of  construction,. the  smaller  is  the  surface  exposed  to  atmospheric 

influences  and  the  more  easily  detected  is  any  corrosion  or  decay. 

The  chief  advantage  of  masonry  is  its  permanent  character.     No 

rust  or  decay  in  it  requires  constant  attention  or  painting  and,  if 

well  executed  at  the  outset,  masonry  truly  deserves  the  title  of 

permanent. 

It  will  be  useful  to  recollect  that  bars  or  strips  are  not  rolled 

wider  than  9  inches ;  when  a  greater  width  than  this  is  required 

narrow  plates  with  shorn  edges  must  be  used.    Plates  exceeding  4 


CHAP.  XXI.]  WEB.  407 

feet  in  width,  or  15  feet  in  length,  or  containing  more  than  32 
square  feet,  or  weighing  more  than  4  cwt.,  are  generally  charged 
extra;  also  T  or  angle  iron,  the  sum  of  whose  sides  exceeds  9  or  10 
inches.  Plates  can  be  rolled  up  to  7  feet  wide,  or  30  feet  long,  or 
60  square  feet  in  area,  but  such  sizes  are  very  costly ;  they  increase 
in  thickness  by  sixteenths  of  an  inch,  and  are  generally  called  sheet 
iron  when  less  than  -^^  inch  thick.  Ordinary  angle  iron  can  be  got 
in  lengths  of  from  30  to  36  feet,  and  up  to  6  X  6  X  j  inches. 

48§.  Testlnir  small  girders  by  a  eentral  welirht  eqoal  to 
half  the  nnlfbrm  load  Is  inacenrate. — Small  girders  are  fre- 
quently tested  by  a  central  weight  equal  to  half  the  uniform  or 
passing  load  which  they  are  expected  to  carry  with  safety.  Though 
convenient,  this  is  not  altogether  a  fair  trial  of  the  web.  Let  W  = 
the  proof  load  in  the  centre,  and  2W  =  the  uniform  load.  The 
web  of  a  girder  designed  to  support  a  central  load,  W,  should  be  of 
imiform  strength,  for  it  sustains  throughout  a  shearing- strain  equal 

W 

to  ^-(34).     The  web  of  a  girder  designed  for  a  uniform  load, 

2W,  should  increase  from  the  centre  where  the  shearing-strain  is  nil, 
towards  the  ends  where  the  strain  =  W,  in  proportion  to  the  dis- 
tance from  the  centre  (46) ;  and  the  web  of  a  girder  designed  to 
support  a  passing  load  of  the  same  density  as  the  uniform  load 
should  increase  from  the  centre  towards  the  ends,  where  the  shear- 
ing-strain =  W,  in  the  ratio  of  the  square  of  the  distance  from  the 
further  end  (50).    Consequently,  the  strain  in  the  centre  of  the 

W 

web  from  a  passing  load  =  -j-.     It  is  obvious,  therefore,  that  the 

web  near  the  centre  is  subject  to  a  much  greater  strain  from  a 
central  load  than  from  a  uniform  or  passing  load  of  twice  its  weight, 
whereas  at  the  ends  the  reverse  of  this  takes  place.  The  impor- 
tance of  these  remarks  may  be  practically  lessened  by  the  con- 
siderations referred  to  in  480. 

489.  Connexion  between  web  and  flaai^es — ^Cnlfbrm  strain 
In  flanges — Tronirh  and  hH-shaped  flanges — Rivets  pre- 
ferable  to  pins — lilmlt  of  length  of  slnirle-webbed  girders. — 

In  wrought-iron  girders  the  shearing  area  of  the  rivets  con- 
necting each  brace  with  the  flanges  should  equal  the  net  section 
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of  the  brace ;  otherwise  there  is  a  risk  of  its  separating  from  the 
flanges  at  a  much  lower  strain  than  would  destroy  the  brace.  If 
the  web  be  a  continuous  plate,  the  shearing  area  of  the  connecting 
rivets  should  equal  its  theoretic  horizontal  section,  i,e,,  the  horizontal 
net  section  of  a  plate  whose  thickness  is  that  which  theory  demands; 
in  practice,  however,  the  plate  area  is  generally  considerably  in 
excess  of  what  theory  requires  and  hence  the  rivet  area  seldom 
equals  its  horizontal  net  section.  The  trough-shaped  section,  such 
as  that  represented  in  Plate  IV.,  is  a  favourite  form  for  the  flanges 
of  tubular  braced  girders  as  it  afibrds  great  facilities  for  attaching 
the  bracing  to  the  flanges.  Objections  have  been  raised  to  the 
trough  with  deep  vertical  plates  on  the  ground  that  the  unit-strain 
is  not  constant  throughout  its  whole  area,  the  unconnected  edges 
of  the  vertical  plates  being  subject  to  a  severer  unit-strain  than  the 
'  horizontal  plates  in  consequence  of  each  brace  giving  off  its  hori- 
zontal component  of  strain  at  a  point  which  generally  lies  nearer 
the  free  edge  of  the  vertical  plate  than  the  centre  of  gravity  of 
the  whole  section.  Let  us  confine  our  attention  to  the  upper  or 
compression  flange,  as  similar  reasoning  applies  to  that  in  tension. 
This  tendency  to  excessive  local  strain  is  sometimes  supposed  to 
show  itself  by  a  slight  undulation  or  buckling  of  the  free  edge  of 
the  vertical  plate  endeavouring  to  escape  from  the  line  of  thrust. 
This  buckling,  however,  is  not  necessarily  a  sign  of  excessive  local 
compression,  but  rather  of  defective  stiffness  in  the  lower  part  of 
the  plate,  for  if  it  were  stiffened  laterally  so  that  it  could  not 
escape  from  the  line  of  thrust,  and  if  the  unit-strain  along  this 
edge  were  greater  than  that  in  the  horizontal  plates,  the  result 
would  be  that  the  whole  flange  would  camber  from  the  shortening 
of  its  lower  edge.  This,  however,  does  not  take  place,  and  hence 
it  is  reasonable  to  suppose  that  the  strain  is  not  very  unequally 
distributed  throughout  the  whole  section.  Undulation  certainly  is 
a  defect  and  proves  that  the  plate  is  not  standing  up  to  its  work, 
and  therefore  not  subject  to  excessive  compressive  strain ;  it  rather 
indicates  that  a  small  portion  of  the  vertical  plate  at  each  apex  on 
the  side  remote  from  the  centre  may  be  in  tension,  pulling,  instead 
of  thrusting,  the  flange  towards  the  centre.    Vertical  plates  ought 
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therefore  to  be  thick  enough  to  resist  buckling,  say  -j^th  of  their 
depth  (M5),  or  else  be  stiffened  hj  an  angle  iron  along  their  free 
edges.  The  weight  of  the  trough  itself,  acting  as  a  series  of  short 
girders  between  the  apices,  tends  to  produce  local  tension  in  the 
lower  edges  of  the  vertical  plates,  and  so  far  counteracts  excessive 
compressive  strain,  and  the  whole  flange  being  held  at  short 
intervals  by  the  bracing  resembles  a  long  thin  pillar  inside  a  tube ; 
the  pillar  may  undulate  slightly. and  press  here  and  there  against 
the  sides  of  the  tube,  but  the  compressive  strain  may  for  all 
practical  purposes  be  considered  as  being  distributed  uniformly 
throughout  the  whole  section  of  the  pillar.  The  HH  section  of 
flange  also  has  its  advocates,  who  maintain  that  it  is  free  from  the 
objections  alleged  to  lie  against  the  trough  section.  The  practical 
convenience  of  the  latter,  however,  will  probably  enable  it  to  hold 
its  ground  against  its  rival.  The  student  who  wishes  to  learn  the 
views  of  eminent  engineers  on  this  subject  is  referred  to  the 
discussions  on  *'  The  Charing  Cross  Bridge"  and  "  Uniform  Stress 
in  Girder  Work,"  in  the  22nd  and  24th  Vols,  of  the  Proceedings 
of  the  Institution  of  Civil  Engineers.  The  main  bracing  is  some- 
times connected  to  the  vertical  plates  by  pins,  like  those  of  sus- 
pension bridges.  Judging,  however,  from  the  experience  gained  at 
the  Crumlin  viaduct — where  riveting  was  substituted  for  pins,  after 
some  years'  wear  and  vibration  had  loosened  the  latter* — it  seems 
generally  desirable  to  make  rigid  connexions,  and  for  this  purpose 
riveting  is  at  once  the  most  convenient  and  effective  method. 
Moreover,  pins  evidently  do  not  form  so  firm  a  termination  for  a 
strut  as  riveting,  a  matter  of  great  importance  in  long  pillars  (811). 
The  braces  should  intersect  somewhere  in  the  vertical  plate.  In 
very  faulty  designs  they  are  sometimes  arranged  so  that  they  do 
not  intersect  each  other  in  the  flange,  but  would,  if  produced, 
meet  considerably  outside  it,  in  which  case  the  flange  is  subject  to 
an  injurious  cross-strain  and  is  liable  to  become  broken-backed  from 
the  compression  braces  thrusting  it  upwards  while  the  tension 
braces  pull  it  down,  or  vice  versa.     In  some  instances  this  has 

*  The  Engineer,  November,  1866,  p.  384. 
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produced  disastrous  results.  When  the  vertical  plate  is  deep 
enough  to  give  a  choice  of  position,  the  apex  may  either  be  in  the 
middle  pr  rather  closer  to  the  upper  edge,  the  latter  position  being 
perhaps  the  better  of  the  two. 

The  length  of  single- webbed  girders  rarely  exceeds  150  feet. 
Indeed,  a  double  web  seems  desirable  when  the  span  exceeds  40 
feet,  as  there  can  be  no  doubt  that  it  contributes  greatly  to  the 
stiffness  of  the  flange  plates  to  be  bound  by  angle  iron  along  both 
edges  when  their  width  exceeds  18  or  20  inches,  and,  regarding 
the  whole  flange  as  a  long  unsupported  pillar,  it  is  obvious  that  its 
resistance  to  lateral  flexure  is  far  greater  when  the  angle  irons  are 
along  the  edges  than  when  they  are  central. 
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CHAPTER   XXII. 

CROSS-BRACING. 

440.  Weather-braeinir — ^Haxlmmn  Ibree  of  wind — Pres* 
sure  of  wind  may  be  eonsidered  as  nnifiinnly  distiibated 
Ibr  ealeolatlon. — Cross-bracing  generally  fulfils  two  functions; 
it  acts  as  a  horizontal  web,  holding  the  compression  flanges  at 
short  intervals  in  the  line  of  thrust  and  thus  preserving  them 
from  lateral  flexure  to  which  all  long  pillars  are  liable;  it  also 
braces  the  whole  structure  in  a  horizontal  plane,  stifiening  it 
against  vibration  and  strengthening  it  to  resist  the  side  pressure  of 
the  wind  just  as  the  vertical  web  enables  the  main  girders  to  sus- 
tain the  downward  pressure  of  the  load.  When  the  roadway  is 
attached  to  the  lower  flange  and  the  depth  of  the  main-girders  is 
not  su£Scient  to  admit  of  cross-bracing  between  the  upper  flanges, 
the  latter  must  be  made  sufficiently  wide  to  resist  any  tendency 
they  may  have  to  deflect  sideways  under  longitudinal  compression 
and  their  lateral  stiflhess  may  be  calculated  by  the  laws  of  pillars, 
though  they  are  much  aided  by  the  internal  bracing  of  latticed 
webs  or  the  angle  iron  stiflSening  frames  of  plate  webs,  which 
convey  a  large  share  of  rigidity  from  the  roadway  to  the  upper 
flanges.  Under  these  circumstances  the  roadway  and  cross-bracing 
between  the  lower  flanges  have  to  resist  the  greater  portion  of 
the  lateral  pressure  of  the  wind  whose  maximum  force  in  this 
country  may,  for  the  purpose  of  calculation,  be  assumed  equivalent 
to  a  uniform  pressure  of  25  tt>s.  per  square  foot  of  side  surface 
exposed  to  its  influence.  The  pressure  of  the  wind  is  not  always, 
as  might  be  supposed,  uniformly  exerted  along  the  whole  length  of 
a  girder.  With  reference  to  the  efflect  of  violent  gales  on  the 
Britannia  Bridge,  Mr.  Clark  remarks : — '*  The  blow  struck  by  the 
gale  was  not  simultaneous  throughout  the  length  of  the  tube,  but 
impinged  locally  and  at  unequal  intervals  on  all  parts  of  the  length 
which  presented  a  broadside  to  the  gale."*  A  little  further  on  he 
remarks : — "  The  tube,  however,  on  no  occasion  attained  any  serious 

♦  The  TfUmlar  Bridges,  p.  466. 
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oscillation,  but  appeared,  to  some  extent,  permanently  sustained  in 
a  state  of  lateral  deflection,  without  time  to  oscillate  in  the  opposite 
direction."  Hence,  the  effect  of  wind  may  be  assumed  to  be  not  very 
different  from  that  of  a  uniformly  distributed  load;  as  a  precau- 
tionary measure,  however,  it  is  desirable  to  make  the  central  weather- 
bracing  somewhat  stronger  than  would  be  requisite  if  the  pressure 

were  really  uniform. 

441.  Roase'n  table  of  the  Telocity  and  Ibree  of  wiad — 
Beanfbrt  scale. — The  following  table  of  the  velocity  and  corres- 
ponding pressure  of  the  wind  by  Mr.  Rouse  is  given  by  Smeaton 
in  the  Philosophical  Transactions  for  the  year  1759: — 

TABLE  I.— Rouse's  Table  op  the  Velocity  and  Foboe  of  Wind. 


Velocity  of  the  wind. 


MUes 

per 

hoar. 


Feet  per 
•econd. 


Perpendicular 

force  on  a 

square  foot, 

in  flbt. 
avoirdupois. 


Common  appellations  of  the  Wind. 


1 
2 
8 
4 

5 

10 
15 
20 
25 
SO 
85 
40 
45 
50 
60 
80 
100 


1-47 

2-93 

4-40 

5-87 

7-83 

14-67 

22-00 

29-34 

86-67 

4401 

51*84 

58-68 

66-01 

78-35 

88-02 

117-86 

146-70 


•005 

-020 

-044 

•079 

•128 

•492 

1-107 

1-968 

8-075 

4-429 

6-027 

7-878 

9-963 

12-300 

17-716 

81-490 

49-200 


Hardly  perceptible. 
Just  perceptibla 

Grentle  pleasant  gale. 

Pleasant  brisk  gale. 

Very  brisk. 

High  winds. 

Very  high. 

A  storm  or  tempest. 

A  great  storm. 

A  hurricane. 

A  hurricane  that  tears  up  trees,  and  carries  bidld- 
ings  before  it,  &c. 
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The  following  table  contains  the  Beaufort  scale  which  is  lised 
in  the  Navy  to  represent  the  force  of  the  wind,  but  it  conveys  no 
information  respecting  its  actual  pressure  or  velocity  and  is  there- 
fore of  little  use  for  scientific  purposes. 


TABLE  II.— Bbaufobt  Scale. 


0.  Calm. 

1.  Light  air,  steerage  way. 

2.  Light  breeze,  ship  in  full  sail  will  go  1  to  2  knots. 

3.  Gentle  breeze,  do.  8  to  4    do. 

4.  Moderate  breeze,  do.  5  to  6    do. 

5.  Fresh  breeze,  ship  will  carry  royals. 

6.  Strong  breeze,  single  reefed  topsails  and  topgallant  sails. 

7.  Moderate  gale,  double  reefed  topsails,  jib,  kc 

8.  Fresh  gale,  triple  reefed  topsails,  &c. 

9.  Strong  gale,  dose  reefed  topsails  and  courses. 

10.  Whole  gale,  will  scarcely  bear  close  reefed  main  topsail  and 

reefed  f oresaiL 

11.  Storm,  storm  staysails  only. 

12.  Hurricane,  which  no  canvas  could  withstand. 


448.  Cross-bracinir  mast  be  eonnterbraced — ^Best  ibrm  of 
cross-braelni^ — Initial   strain    adTantaseans. — ^As  the  wind 

may  blow  on  either  side  of  a  bridge  it  is  necessary  to  counterbrace 
the  cross-bracing  throughout;  hence,  the  description  of  bracing 
described  in  Chap.  VI.,  with  transverse  struts  and  diagonal  ties,  is 
well  suited  for  cross-bracing  and,  in  order  to  make  it  stiff  and  come 
into  action  before  much  lateral  movement  takes  place,  it  is  de- 
sirable to  put  a  small  initial  strain  on  the  diagonals.  This  will 
tend  also  to  stiffen  the  whole  structure  against  lateral  vibration 
from  loads  in  motion.  The  initial  strain  may  be  produced  by 
coupling  screws,  cotters,  or  similar  appliances.  When  the  design 
does  not  admit  of  these  the  transverse  struts  may  be  first  riveted 
in  place,  and  then  the  diagonals  may  be  riveted  while  they  are 
temporarily  expanded  by  heat ;  when  cold  the  whole  will  be  in  a 
state  of  slight  strain.  The  same  effect  may  be  produced  in  small 
tubes  by  laying  them  on  their  side  so  that  the  cross-bracing  may 
be  in  a  vertical  plane ;  a  few  weights  will  then  stretch  one  system 
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of  diagonals,  and  when  thus  strained  the  second  series  may  be 
riveted  in  place;  after  the  removal  of  the  weights  the  required 
degree  of  initial  strain  will  be  produced  if  the  operation  has  been 
carefully  performed.  The  sagging  of  the  horizontal  tension  bars  of 
cross-bracing  from  their  own  weight  will  also  aid  in  producing  the 
required  amount  of  stiffness,  provided  the  bars  be  supported  in  a 
horizontal  position  while  riveting  up. 

The  absence  of  the  initial  strain  alluded  to  was  strongly  marked 
in  the  Britannia  Bridge,  for  Mr.  Clark  remarks : — "  The  effect  of 
pressure  against  the  side  of  the  tube  is  very  striking;  a  single 
person,  by  pushing  against  the  tube,  can  bend  them  to  an  extent 
which  is  quite  visible  to  the  eye ;  and  ten  men,  by  acting  in  unison, 
and  keeping  time  with  the  vibrations,  can  easily  produce  an 
oscillation  of  1^  inch,  the  tube  making  67  double  vibrations  per 
minute."*  A  severe  storm  on  the  14th  of  January,  1850,  pro- 
duced oscillations  not  exceeding  one  inch.  This,  however,  was 
before  the  two  tubes  were  connected  together,  side  by  side. 

448.  Strains  prodnoed  in  the  flanges  by  cross-braeiny — 
find  pillars  of  irii*ders  with  parallel  flanyes  and  bow  of 
bowstrlnir  i^lrders  are  sniyeet  to  transrerse  strain. — When 
there  are  both  upper  and  lower  cross-bracings,  each  has  to  sustain 
one-half  the  pressure  of  the  wind ;  consequently,  in  every  gale  the 
compression  flange  on  the  weather,  and  the  tension  flange  on  the 
lee  side  have  their  normal  strains  somewhat  increased,  while  those 
in  the  other  flanges  are  diminished  to  the  same  extent.  This 
increase  and  diminution  of  strain  are,  however,  generally  insigni- 
ficant compared  to  the  strains  produced  by  the  load  and  are,  of 
course,  less  in  open-work  girders  than  in  those  with  solid  sides 
which  present  a  larger  unbroken  surface  to  the  action  of  the  wind. 

When  cross-bracing   occurs   between   the   upper  flanges,  the  * 

pressure  of  the  wind  against  the  upper  half  of  the  girder  is 
transmitted  to  the  abutments  or  piers  through  the  end  pillars 
which  form  the  terminations  of  the  web  immediately  over  the 
points  of  support,  at  least  so  much  of  it  as  is  not  conveyed  by  the 
web  stiffeners  to  the  lower  flanges  and  thence  to  the  abutments. 

♦  2%€  TvJlnUar  Bridges,  p,  717. 
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These  pillars  are,  therefore,  semi-girders  as  well  as  pillars,  for  they 
are  subject  not  only  to  vertical  compression  from  the  shearing- 
strains  in  the  midn  bracing,  but  to  lateral  pressures  at  top  tending 
to  overthrow  them,  which  are  nearly  equal  in  amount  to  one-half 
the  total  pressure  of  the  wind.  Thus,  if  there  be  two  main  girders 
and  four  end  pillars,  each  of  the  latter  sustains  a  transverse  pressure 
at  top  nearly  equal  to  one-eighth  of  the  pressure  of  the  wind.  It 
is,  therefore,  desirable  to  fix  the  lower  ends  of  these  pillars  very 
securely  by  means  of  strong  iron  gussets  attached  to  the  masonry, 
or,  if  these  be  inadmissible  from  the  longitudinal  expansion  of  the 
bridge,  to  a  cross  road-girder,  which  may  be  made  stronger  and 
stiffer  than  usual  for  this  purpose,  so  as  to  resist  the  racking  action 
of  the  wind. 

The  bowstring  girder,  with  roadway  attached  to  the  string,  does 
not  admit  of  cross-bracing  between  the  bows  throughout  their 
entire  length,,  but  only  near  the  centre  where  there  is  su£Scient 
headway  for  carriages  beneath.  The  ends  of  the  bows  are,  con- 
sequently, subject  to  transverse  strains  similar  to  those  just  described 
in  the  case  of  the  end  pillars  of  girders  with  horizontal  flanges. 
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CR088-6IRDEB8  AND  PLATFORM. 


444.  Ufaxlmnm  n^elirht  on  eross-iplrders — ^Distance  be- 
tween cross-fflrders. — The  cross-girders  of  railway  bridges  sup- 
port the  platform,  ballast,  sleepers  and  rails ;  and  when  the  interval 
between  them  does  not  exceed  that  between  two  adjacent  axles  of 
a  locomotive,  say  6  or  7  feet,  the  greatest  load  which  each  cross- 
girder  has  to  support  is  determined  by  the  weight  resting  on  one 
pair  of  driving-wheels,  which  rarely,  if  ever,  exceeds  16  tons,  or 
8  tons  per  wheel.  Consequently,  if  the  effect  of  the  rails,  sleepers 
and  platform  in  spreading  the  load  over  several  girders  be  neglected, 
each  cross-girder,  however  close  they  may  be  together,  ought  to  be 
capable  of  sustaining  16  tons  if  the  bridge  be  ,made  for  a  single 
line,  and  twice  this  if  made  for  a  double  line,  in  addition  to  the 
dead  weight  of  platform,  ballast  and  permanent  way,  and  as  a  train 
of  ordinary  locomotives  and  tenders,  that  is,  the  load  of  maximum 
density,  does  not  exceed  1^  tons  per  running  foot,  it  would 
obviously  be  the  most  economical  arrangement  to  place  the  cross- 
girders,  at  all  events,  not  closer  together  than  the  above  stated 
distance  of  6  or  7  feet.*  It  may,  perhaps,  be  supposed  that  cross- 
girders  placed  at  shorter  distances  need  not  be  so  strong  in  con- 
sequence of  the  rails,  sleepers  and  platform  distributing  the  load 
over  several  cross-girders,  and  this,  no  doubt,  is  to  a  certain  extent 
correct,  and  numerous  bridges  have  been  constructed  on  this 
principle.    Government  Inspection  is  now,  however,  more  critical 

*  The  cross-girders  of  the  Boyne  Viaduct  are  7  feet  5  inches  apart,  equal  to  the 
diagonal  of  the  square  formed  by  the  lattice  bars  of  the  main-girders.  The  interval 
between  those  of  the  Britannia  and  Conway  Tubular  Bridges  is  6  feet. 
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than  formerly,  and  each  cross-girder  should  be  strong  enough  to 
sustain  the  load  on  the  driving  wheels  of  the  heaviest  engine 
which  can  come  on  the  line,  inasmuch  as  the  sleepers  may  decay, 
joints  may  occur  in  the  ndls  close  to  a  cross-girder,  or  the  platform 
may  require  renewal  and  perhaps  be  altogether  removed  for  this 
piu^ose. 

445.  Rall-i^lrder»  or  keelsons — ^Economical  distance  be- 
tween  the  eross-if rders — Weli^t  of  single  and  doable  lines — 
Welfrbt  of  snow. — ^When  the  cross-^ders  are  farther  than  3 
feet  apart  (the  distance  between  centres  of  sleepers)  the  rails  may 
be  supported  by  shallow  longitudinal  girders  resting  on  the  cross- 
girders  or  framed  in  between  them,  and  in  certain  cases,  especially 
when  the  levels  permit  the  cross-girders  to  be  of  great  depth, 
these  rail-girders  may  be  economically  made  of  considerable  length, 
with  the  cross-girders  placed  at  long  intervals  apart,  in  some'  cases 
20  feet  asunder ;  but  care  must  be  taken  not  to  strain  the  lattice 
bars  of  the  main  girders  beyond  their  safe  limit  by  bringing  too 
great  a  local  pressure  on  those  which  intersect  at  the  ends  of  the 
cross-girders.  The  rail-girders  may  be  conveniently  made  of 
plating  or  lattice  work,  similar  in  general  design  to  the  main  girders 
of  small  bridges  and  framed  in  between  the  cross-girders.  In 
some  cases  these  rail-girders  run  above  the  cross-girders  in  un- 
broken lines  from  end  to  end  of  the  bridge  like  the  keelsons  of 
a  ship.  This  arrangement  requires  greater  depth  from  soffit  of 
bridge  to  rail  than  the  former,  and  cannot  therefore  be  so  fre- 
quently iidopted.  Mr.  Wm.  Anderson  has  shown  the  great 
economy  of  placing  the  cross-girders  12  feet  apart-  or  upwards, 
espedally  with  double  line  bridges,  by  means  of  the  following  data 
and  estimate  based  thereon.* 

Maximum  weight  of  engine,     -        -  34  tons. 

Maximum  load  on  driving  wheels,     -  16  tons. 

Wheel  base, 12  feet, 

Depth  of  cross-girders,     .        -        -  ^i;jth  of  span. 

♦  Trans,  Inst,  of  (7.  E.  of  Ireland,  VoL  viii.,  1866. 

2  E 
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SiNOLl  LiHI. 

OroflB-girden,  8  feet  apart, 

Span. 

Total 
load  on 
girders. 

Net  urea 

of  bottom 

flange. 

Weight 

of 
girderi. 

Weight  per 

ft.  run  of 

bridge. 

feet. 
14 

tons. 
17-26 

•q.  in. 
6-8 

tbs. 
1,206 

fta. 
402 

Croas-girden,  12  feet  apart,     - 

14 

29-35 

10-98 

1,700 

(       268-2 

Longitadinal  rail-girders, 

12 

19*54 

10-8 

1,518 

) 

DOUBLB  LiNB. 

CrosB-girders,  8  feet  apart. 

25i 

85*00 

11-4 

8,654 

1,218 

Cross  girders,  12  feet  apart. 

25i 

58-64 

19-2 

4,704 

(       645 

Longitudinal  rail-girders. 

12 

88-64 

21-6 

8,026 

The  permanent  load  of  the  roadway  per  running  foot,  including 
cross-girders  3  feet  apart,  sheeting,  ballast,  sleepers  and  rails  for  a 
single-line  bridge,  14  feet  wide  between  main  ^rders  (Irish  gauge 
5'  3")»  he  estimates  as  follows: — 


SINGLE  LINE  BRXDOE. 


Weight  in  tons 
per  running  foot  of  bridge. 


Cross-girders,  3  feet  apart,        -         -         -  'IS 

Sheeting  of  4-inch  planks  and  bolts  for  same,  *I0 

Kails,  chairs,  spikes,  and  sleepers  (permanent  way),  *06 
Ballast  (from  3  to  4  inches  deep),      -        -  '20 


0*54  tons, 

which  is  equivalent  to  a  load  of  86*4  ifos.  per  square  foot  of 
platform.  This  0*54  ton  is  the  permanent  load  of  roadway  for  a 
single  line  per  running  foot,  and  is  exclusive  of  main  girders  and 
cross-bracing,  which  vary  with  the  span.  The  similar  permanent 
load  of  roadway  for  a  double  line,  25^  feet  between  main  girders, 
is  about  1*2  ton  per  running  foot,  or  a  little  more  than  double  that 
for  a  single  line,  which,  however,  may  be  reduced  to  about  1  ton 
by  placing  the  cross-girders  from  10  to  12  feet  apart  with  rail- 
girders  between. 

In  cold  countries  the  weight  of  snow  should  not  be  left  out  of 
consideration.  This  has  been  estimated  in  America  as  high  as 
30  ibs.  per  square  foot  over  the  whole  surface  of  the  bridge. 
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In  bridges  of  moderate  span  it  is  generally  more  economical  to 
place  the  main-girdera  immediately  beneath  the  mis;  they  then 
act  as  rail-girders  and  thus  dispense  with  cross-girders.  When, 
however,  there  is  but  little  head-room  beneath  the  rails,  a  modi- 
fication of  the  trough  girder  may  be  adopted,  such  as  that  designed 
by  Mr.  Anderson  for  one  of  the  bridges  on  the  Dublin,  Wicklow 
and  Wexford  Bailway,  and  represented  below. 

Fig.  110. 
Half  Longitudinal  Section  uid  half  Eleration  of  Bridge. 


Fig.  111. 
Crow  Section  of  Bridge. 


Each  rail  is  carried  between  a  pair  of  plate  girders  connected 
by  short  cast-iron  saddles  on  wluch  the  aleei>er  and  rail  are  lud 
and  to  which  diey  can  be  securely  bolted.  The  girders  are  thus 
accesBible  in  every  part  for  cleansing  and  painting  without  dis- 
turbing the  permanent  way,  and  at  the  same  time  no  water  can 
lodge  in  any  part  of  the  structure.* 

446.  Bcvolatlons  Of  Board  of  Tra4c. — ^The  following  are 
the  regulations  of  the  Board  of  Trade  respecting  the  cross-girders 
and  platforms  of  railway  bridges, 

I.  The  heaviest  engines  in  use  on  nulways  afford  a  measure 
of  the  greatest  moving  loads  to  which  a  bridge  can  be  subjected. 

■   Travr.  ln,t   o/  C.  E.  n/  IrAaul,  Vol.  vili ,  p.  46. 
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This  rule  applies  equally  to  the  main  and  the  transverse  girders. 
The  latter  should  be  so  proportioned  as  to  carry  the  heaviest 
weights  on  the  driving  wheels  of  locomotive  engines. 

2.  The  upper  surfaces  of  the  wooden  platforms  of  bridges  and 
viaducts  should  be  protected  from  fire. 

3.  No  standing  work  should  be  nearer  to  the  side  of  the  widest 
carriage  in  use  on  the  line  than  2  feet  4  inches  at  any  point 
between  the  level  of  2  feet  6  inches  above  the  rails  and  the  level 
of  the  upper  parts  of  the  highest  carriage  doors.  This  applies  to 
all  arches,  abutments,  piers,  supports,  girders,  tunnels,  bridges, 
roofs,  walls,  posts,  tanks,  signals,  fences  and  other  works,  and  to 
all  projections  at  the  side  of  a  railway  constructed  to  any  gauge. 

4.  The  intervals  between  adjacent  lines  of  rails,  or  between  lines 

of  rails  and  sidings,  should  not  be  less  than  6  feet. 

449.    Roadways    of    pablle    bridf^es — ^Boekled-plates. — 

The  roadways  of  iron  public  bridges  are  generally  formed  in  one 
of  the  four  following  ways. 

1^.  Brick  arches  spring  between  the  lower  flanges  of  the  longi- 
tudinal or  cross-girders  as  the  case  may  be,  and  their  haunches 
are  levelled  up  with  concrete,  over  which  the  pavement  is  laid. 
Sometimes  a  thin  layer  of  tar  asphalt  is  spread  over  the  concrete 
to  prevent  surface  water  from  percolating  through  the  brickwork. 
The  span  of  the  arches,  that  is,  the  distance  between  the  girders, 
may  vary  from  4  to  8  feet,  and  iron  cross-ties  are  required  at 
moderate  intervals  to  bind  the  girders  together  and  prevent  them 
from  spreading  sideways  under  the  thrust  of  the  arches.  The 
weight  of  a  square  foot  of  this  roadway,  exclusive  of  girders  and 
cross-ties,  may  be  estimated  as  follows : — 


Brickwork,  4^  inches  deep. 
Concrete,  averaging  4  inches  deep,   - 
Asphalt,  ^  inch  deep,       .        -        . 
Pavement  and  sand,  9  inches  deep, 
or  12  inches  of  broken  stone, 


Itm. 

hm. 

36 

if  9  inches  deep,  72 

47 

if  6        do.          70-5 

7 

7 

110 

-      110 

200  259-5 
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2^.  Arched  wrought-iron  flooring  plates,  |  to  ^  inch  thick,  are 
riveted  to  the  upper  flanges  of  the  longitudinal  girders  and  their 
haunches  are  levelled  up  with  asphalt  or  concrete,  over  which  the 
pavement  or  broken  ^stone  is  laid  as  before.  These  arched  plates 
also  require  cross-ties  to  prevent  the  outside  girders  from  spread- 
ing, but  the  plates  themselves  may  often  be  made  to  take  an 
important  share  in  the  structure  by  strengthening  the  upper,  or 
compression,  flanges  of  the  ^rders,  and  thus  economizing  material. 
The  weight  per  square  foot  of  this  roadway,  excluding  cross-ties, 
may  be  estimated  as  follows : — 


lbs. 

lbs. 

20 

to           26 

42 

if  4  inches,    56 

110 

-  110 

Arched  plates,  -  -  -  - 
Asphalt,  averaging  3  inches  deep,  - 
Pavement  or  broken  stone  as  before, 

172  192 

3^.  Flat  cast-iron  plates,  |  to  1  inch  thick  with  stiffening  ribs 
on  the  upper  surface,  are  bolted  to  the  upper  flanges  of  the 
longitudinal  girders  and  then  levelled  up  with  asphalt  to  the  top 
of  the  ribs,  3  or  4  inches  deep,  over  which  the  pavement  or  broken 
stone  is  laid  as  before.  The  weight  per  square  foot  of  this  road- 
way is  from  20  to  30  ibs.  more  than  in  the  last  case,  but  no  cross- 
ties  are  required. 

4®.  Wrought-iron  buckled-plates,  ^  to  ^th  inch  thick,  are  bolted 
or  riveted  to  the  upper  flanges  of  the  longitudinal  girders  and 
levelled  up  with  concrete  or  asphalt,  over  which  the  broken  stone 
or  pavement  is  laid  as  before.  Angle  or  tee  iron  covers  are  riveted 
to  the  cross  joints  of  the  plates  and  support  them  at  frequent 
intervals  like  short  cross-girders.  The  weight  per  square  foot  of 
this  roadway,  including  the  angle  or  tee  iron  covers,  is  closely  the 
same  as  in  case  2. 

The  following  data  respecting  Mallet's  buckled-plates  are 
derived  from  the  trade  circular. 

The  resistance  of  square  buckled-plates  is  directly  as  the  thick- 
ness and  inversely  as  the  clear  bearing.  A  buckled-plate,  bolted 
or  riveted  down  all  round,  gives  double  the  resistance  of  the  same 
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plate  merely  supported  all  round,  and  if  two  opposite  sides  be 
wholly  unsupported,  its  resistance  is  reduced  in  the  ratio  of  8  to  5. 
Within  the  limit  of  ''  safe  load*'  the  resistance  is  nearly  the  same, 
whether  it  be  upon  the  crown  or  uniformly  diffused.  The  stiffness 
at  any  point  of  the  plate,  as  against  unequal  loading,  is  as  the 
square  of  the  thickness  nearly,  and  inversely  as  the  curvature. 
The  curvature  (unless  for  special  object)  should  never  exceed  that 
which  will  just  prevent  the  "crippling  load"  bringing  the  plate 
down  flat,  by  compression  of  the  material ;  less  than  2  inches 
versed-sine  of  curvature  has  been  found  sufficient  for  ^  inch 
buckled-plates  4  feet  square.  A  3  foot  square  buckled-plate,  of 
ordinary  Staffordshire  iron  ^  in.  thick,  2  in.  width  of  fillet,  If  in. 
curvature,  supported  only  all  round,  requires  upwards  of  nine 
tons  diffused  over  about  half  the  superficies  at  the  crown  to  cripple 
it  down,  and  double  this,  or  eighteen  tons  to  cripple  it,  if  firmly 
bolted  or  riveted  down  to  rigid  framing  all  round.  A  similar 
plate  of  soft  puddled  steel  has  been  found  to  bear  nearly  double 
the  preceding,  or  thirty-five  tons  to  the  square  yard.  Mr.  Thomas 
Page,  C.E.,  has  proved  the  buckled- plates  of  the  floor  of  West- 
minster new  bridge — each  averaging  7  feet  by  3  feet,  J  inch  thick, 
and  3^  inch  curvature — by  lowering  upon  the  crown  of  each  a 
block  of  granite  of  seventeen  tons  weight,  which  they  sustained 
without  injury.  In  structures  exposed  to  impulsive  loads,  such  as 
railway  or  other  bridge  flooring,  one-sixth  of  these  "crippling 
loads"  should  not  be  exceeded  for  the  safe  load,  nor  one-fourth 
for  quiescent  loading.  The  size  of  buckled -plates  formed  of.  one 
single  rolled  plate  is  only  limited  by  the  breadth,  to  which  sheet 
or  plate  iron  can  be  rolled,  at  market  prices ;  and  the  sizes  that 
have  been  found  most  advantageous  for  the  majority  of  purposes 
are  plates  of  3  feet  and  of  4  feet  square,  or  of  those  widths  by  the 
full  length  of  the  sheet.  Square  plates  of  either  of  the  two 
ordinary  market  sizes  are  always  to  be  preferred,  on  the  ground 
of  economy  in  prime  cost,  and  in  application,  and  facility  in  being 
obtained  promptly  from  the  makers.  Square  plates  produce  a 
stronger  floor,  with  a  given  weight  of  iron,  than  any  rectangular 
plate ;  the  resistance  of  the  latter  being  that  nearly  of  a  square 
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plate,  whose  side  is  equal  to  the  longer  dimension.  If  rectangular 
plates  he  used  the  longer  edge  should  not  he  much  more  in  length 
than  twice  the  shorter.  Economy  is  always  consulted  hy  sup- 
porting each  plate  all  round — one  pair  of  opposite  fillets  resting  on 
the  girders  or  joists  of  the  structure,  and  the  joints  of  the  cross 
fillets  supported  hy  an  angle  iron  ahove,  thus  forming  a  lap  plate. 

Table  ov  Stbxkoth,  Weioht,  and  Cost  of  Buckled-Platss. 


No. 


Thicknen  of  Pktte. 


Weight 

Weight  of 

per square 

an  equal 

yard  of 

furftce 

Buckled- 

(1  square 

Plate, 

yard)  of 

excluding 

Corrugated 

the  angle 

Plate  of 

iron  at  the 

correspond- 

croBt- 

ing 

Jointib 

thickness. 

SafepassiTe 

load, 

uniformly 

diffused  per 

square  yard, 

for  three 

feet  square 

Buckled- 

Plates. 


Safeim- 

pulsire 

load, 

uniformly 
diffused 

per  square 
yard, for 

three  feet 

square 

Bnckled- 

PlatesL 


Cost  per 

superficial 

yard  of 

Buckled- 

Plate, 

at  £18 

per  ton. 


Nearest 

number 
of  square 

yards  in 
one  ton  of 
Buckled- 

Plates. 


2 
8 

4 
5 
6 
7 

8 


B.W.  G.    inch. 
No.  18  =  -048 


Na  16 
No.  12 


ft 


If 


n 


>f 


n 


•066 
•107 
1-8 
8-16 
1-4 
5-16 
8-8 


lbs. 

lbs. 

17-8 

20-7 

23-6 

28-8 

387 

46-4 

45-0 

64-0 

67-5 

81-0 

90-0 

108-0 

112-5 

185-0 

1850 

162-0 

tons. 
0-27 
0-43 
0-64 
1-0 
2-5 
4-5 
6-2 
9-0 


tons. 

8,    d. 

0-20 

2    2 

0-82 

2  10 

0-48 

4    7 

0-75 

5    8 

1-7 

7  11 

8-0 

10    6 

4-7 

13    2 

6*8 

15    8 

sq.  yards. 
129 
95 
57 
49 
88 
24 
20 
16 


Note. — The  safe  loads  in  oolumns  5  and  6  may  be  taken  at  double  for  buckled- 
plates  of  puddled  steel. 

Nob.  1,  2,  and  8 — ^Applicable  to  roofing,  iron  house  building,  and  fireproofing, 
flooring,  &c. 

Nob.  4  and  5 — For  the  lighter  class  of  bridge  and  other  floors. 

Nos.  6  and  7 — For  the  heavier  floors  of  railway  and  other  bridges,  and  viaducts  : 
Na  6  is  that  adopted  for  the  new  bridge  at  Westminster,  London  :  No.  7  for 
bridges  in  India. 

No.   8 — Has  not  hitherto  been  found  necessary  in  any  structures,  however 

heavy. 


The  working  loads  on  public  bridges  are  given   in   Chapter 
XXVIIL 
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CHAPTER   XXIV. 

COUNTEBBRAGING. 

448.  Permaneiit  or  dead  load — VamtAn^  or  Uwe  load* — 

The  strains  in  the  web  of  a  braced  girder  are  constant  both  in 
amount  and  kind  so  long  as  the  load  remains  stationary.  If, 
however,  the  load  changes  its  position  the  strain  will  alter  in 
amount,  and  perhaps  in  kind  also,  and  it  is  to  meet  this  latter 
change  in  the  character  of  the  strain  that  counterbracing  is  re- 
quired. Now,  a  certain  portion  of  the  load  which  every  girder 
sustains  is  fixed  and  consists  of  what  I  have  elsewhere  called  the 
'*  permanent  load,"  or  'Mead  load,"  including  in  this  term  the 
weight  of  the  whole  superstructure,  viz.,  the  main  girders,  cross- 
girders,  cross-bracing,  platform,  rails,  sleepers  and  ballast.  This 
permanent  load  produces  definite  strains  in  the  bracing  which 
remain  constant,  both  in  amount  and  kind,  until  a  further  load 
comes  upon  the  bridge.  Let  us  consider  the  effect  of  a  moving  or 
'^  live"  load  of  uniform  density,  say  a  tndn  of  carriages,  traversing 
a  girder  with  horizontal  flanges,  and  we  may  chiefly  confine  our 
attention  to  the  strains  developed  in  the  bracing  at  either  end  of 
the  train,  as  it  has  been  shown  in  51  and  190,  that  the  maximum 
strains  in  the  bracing  from  train-loads  occur  at  these  points.  As 
the  advancing  train  approaches  the  centre  of  the  girder  the  normal 
strains  in  the  bracing  between  the  centre  and  the  front  of  the  train 
are  diminished,  or  even  reversed,  by  the  passing  load.  In  the 
latter  case  each  brace  attains  its  maximimi  reverse  strain  as  the 
front  of  the  train  passes  it  and  counterbracing  must  be  provided 
accordingly.  During  the  same  period,  i.«.,  while  the  train  advances 
towards  the  centre,  the  permanent  strains  in  the  second  half-girder 
are  receiving  gradual  increments  of  their  own  kind,  but  each  brace 
in  thb  half  does  not  attain  its  state  of  maximum  strain  until  the 
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train  has  crossed  the  centre  and  is  so  far  advanced  that  its  front  is 
passing  that  particular  brace,  after  which  the  strain  again  diminishes 
till  the  other  end  of  the  train  is  passing,  when  the  strain  is  either 
at  its  minimum,  or,  if  altered,  attains  its  maximum  of  the  reverse 
kind  to  that  produced  by  the  permanent  load,  in  which  case  there- 
fore the  brace  requires  counterbracing. 

449.  Paflftinir  loads  require  the  centre  of  the  web  to  he 
eoanterhraeed — ^Lar^e  ^Irderi  require  less  eooaterhraeinir 
in  proportion  to  their  siae  than  small  ones. — The  permanent 
load  is  usually  disposed  symmetrically  on  either  side  of  the  centre ; 
consequently,  the  normal  strains  in  the  bracing  near  the  centre 
are  less  in  amount  than  in  other  parts,  and  it  is  in  the  central 
braces  alone  that  strains  of  a  reverse  character  are  produced 
by  a  moving  load,  requiring  counterbracing  for  some  distance 
on  either  side  of  the  centre.  It  is  evident  that  the  heavier 
the  permanent  load  is,  the  less  will  be  the  amount  of  counter- 
bracing  required  for  a  given  passing  load.  It  has  been  already 
shown  in  50  that  the  shearing-strain  (to  which  the  strain  in  the 

bradng  is  proportional)  at  the  end  of  a  passing  train  =       .  *  where 

vo'  =z  the  passing  load  per  linear  unit, 

/    =  the  length  of  the  girder, 

n   =  the  length  covered  by  the  advancing  load. 

But  the  shearing-stndn  at  the  same  point  from  the  permanent  load 


=  «(^_„) 


where  vo  =  the  permanent  load  per  linear  unit,  and  n  and  Z  are  as 

before,  n  being  supposed  less  than  ^.    Now,  if  n  be  proportional  to 

I  in  girders  of  different  lengths,  the  shearing-strain  from  the 
passing  load  will  vary  as  w'l^  and  that  from  the  permanent  load 
as  v)l\  and,  since  vs  increases  in  large  girders  as  some  high  power 
of  the  length,  while  va'  may  be  considered  constant  for  girders  of 
all  sizes,  the  shearing-strain  due  to  the  permanent  load  will  bear 
a  considerably  greater  ratio  to  that  from  the  passing  load  in  long 
than  in  short  girders.    Consequently,  the  proportion  which  the 
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coimterbracing  bears  to  the  whole  amount  of  material  diminishes 
rapidly  with  the  span  of  the  girder.  The  counterbracing  termi- 
nates where  the  two  shearing-struns  are  equal,  and  the  point  where 
this  oocurs  may  be  determined  by  equating  them  to  each  other  and 
solving  the  resulting  equation  for  n  as  follpws : — 


--^  =  wl n) 

21  \2         J 


Arran^ng  according  to  powers  of  «, 

w'li^  +  2wln  —  wP  =  0 
solving  for  n, 

nzzll—'^'^  ^  ^'  +  '^^']  (250) 

If,  for  example,  w  =  w\ 

n  =:  l{—l  +  >/2)  =z  -414/ 

450.  C^oonterbracinir  of  vertical  and  dlairoiial  bracing — 
liarnre  bowstrlnir  i^li'dci'A  reqoire  little  eonnterbraeini:. — 

Girders  with  Vertical  and  diagonal  bracing,  such  as  that  inves- 
tigated in  Chapter  VI.,  may  be  counterbraced  either  by  making 
the  bracing  near  the  centre  capable  of  acting  indifferently  as  struts 
and  ties,  or  by  adding  a  second  system  of  diagonals  crossing  the 
first.  If  this  counterbracing  be  carried  throughout  the  whole 
length  of  the  girder  (as  in  cross-bracing),  it  is  possible  by  tighten- 
ing it  up  to  produce  an  initial  strain  in  the  bracing  proper,  in 
which  case  the  effect  of  a  load  will  be  to  diminish  the  strain  in  the 
counterbracing,  which,  however,  will  relapse  into  its  former  state 
of  strain  as  soon  as  the  load  is  removed  (449). 

I  cannot  close  these  observations  on  counterbracing  vrithout 
drawing  attention  to  one  important  merit  which  bowstring 
girders  possess.  When  the  load  is  uniformly  distributed  the 
strains  in  the  bracing  are  tensile,  for  the  lower  flange  and  load 
are  merely  suspended  from  the  bow,  which  differs  but  slightly  from 
the  curve  of  equal  horizontal  thrust  and  therefore  requires  but  little 
bracing  to  keep  it  in  form.  Hence,  compressive  strains  are  produced 
in  the  bracing  only  under  the  influence  of  passing  loads ;  and  in 
large  girders,  where  the  permanent  load  of  string  and  roadway 
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is  great  compared  with  the  passing  load,  it  may  happen  that  the 
compressive  strains  produced  by  the  latter  do  not  exceed  the 
tensile  strains  which  the  bracing  sustains  in  its  normal  state.  If, 
for  instance,  the  permanent  load  of  the  lower  flange  and  roadway 
in  the  example  worked  out  in  90§  were  twice  as  heavy  as  the 
passing  load,  the  strains  in  all  the  diagonals  would  be  tensile  under 
all  circumstances ;  even  if  the  permanent  load  were  only  once  and  a 
half  as  heavy  as  the  passing  load,  diagonal  6  alone  would  sustain 
slight  compression.  In  this  case  the  difficulty  of  providing  against 
flexure  in  long  compression  bars  does  not  arise,  and  the  only  part 
of  the  structure  subject  to  compression  is  the  bow,  which  from  its 
large  sectional  area  can  be  economically  constructed  of  a  form 
suited  to  resist  buckling  or  flexure. 
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CHAPTER  XXV. 


DEFLECTION  AND   CAMBER. 


451.  nellectlon  enr^e  of  ylrderi  wUh  horiaontal  flLanffes 
of  uniAirm  strength  Is  eircvlar. — It  has  been  already  shown  in 
Chap.  YIII.  that  the  deflection  curve  of  girders  with  horizontal 
flanges  of  uniform  strength,  that  is,  girders  whose  flanges  vary  in 
sectional  area  so  that  they  are  subject  to  the  same  unit-strain 
throughout  the  whole  length  of  each  flange  respectively,  is  circular 
and  easily  calculated  by  a  simple  formula  (eq.  132).  When,  how- 
ever, the  flanges  are  of  uniform  section  throughout  their  whole 
length,  and  their  strength  therefore  excessive  near  the  ends,  the 
deflection  will  be  somewhat  less,  and  may  be  calculated  by  the 
method  explained  in  996  and  the  following  articles.  When  the 
strength  of  a  girder  is  not  uniform,  there  is  of  course  a  certain 
waste  of  material,  which,  however,  cannot  always  be  avoided, 
although  some  methods  of  construction — the  cellular  flanges  of 
tubular  bridges  for  instance — are  more  liable  to  this  objection  than 
others,  as  they  cannot  in  practice  be  tapered  off  towards  the  ends  in 
accordance  with  theory. 

459.  Deflection  an  Ineorreet  mea«iire  of  strenirtli. — Since 
the  deflection  depends  not  only  on  the  unit-stnuns  in  the  flanges, 
but  also  on  the  proportion  of  length  to  depth,  on  the  coefficient  of 
elasticity  of  the  material,  and  to  some  extent  on  the  mode  of  con- 
struction, the  popular  rule  by  which  the  strength  is  estimated  from 
the  deflection  alone,  though  possessing  the  merit  of  simplicity,  is 
extremely  vague  and  liable  to  lead  to  false  conclusions  unless  when 
comparing  girders  of  the  same  length,  depth,  and  material.-  The 
deflection  of  any  particular  girder,  however,  is  sensibly  proportional 
to  the  load,  provided  the  strains  are  within  the  elastic  limit,  which 
they  always, are  in  safe  practice. 
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458.  Cumber  ornamental  rather  than  oseflil — ^Pennanent 
set  after  eonstmetlon. — ^As  the  amount  of  deflection  is  in 
practice  verj  small  compared  with  the  length  of  a  girder,  no  appre- 
ciable diminution  of  strength  is  produced  merely  by  the  change 
from  a  horizontal  line  to  the  deflection  curve,  for  deflection,  unless 
so  excessive  as  to  change  the  vertical  reaction  of  the  abutments 
into  an  oblique  one,  is  the  result,  not  the  cause,  of  increased 
strain.  A  downward  curve,  or  even  a  truly  horizontal  line  is, 
however,  less  pleasing  to  the  eye  than  a  slight  camber ;  hence,  it 
is  desirable  to  give  an  initial  camber  somewhat  in  excess  of  the 
calculated  deflection,  so  that  when  the  girder  is  loaded  no  per- 
ceptible sag  may  suggest  the  idea  of  weakness,  even  though 
imaginary.  It  should  also  be  borne  in  mind  that  the  various  parts 
of  a  built  girder  are  put  together  free  from  strain  and  are  fre- 
quently a  little  out  of  line ;  consequently,  when  a  large  girder  first 
supports  its  own  weight,  and  again,  but  in  a  less  degree,  when  it 
is  tested  with  a  heavy  load  for  the  first  time,  there  is  a  certain 
slight  motion  from  the  closing  up  or  stretching  out^of  the  various 
parts  accommodating  themselves  to  their  new  state.  A  permanent 
set  is  the  result,  which,  however,  is  not  necessarily  indicative  of 
weakness,  provided  it  is  not  increased  by  subsequent  loads,  which 
should  only  produce  a  temporary  deflection.  This  congenital  set 
sometimes  nearly  doubles  the  calculated  deflection. 

454.  lioads  in  rapid  motion  produce  ipreater  deileetion 
than  stationary  or  slow  loads — Etemm  pereeptihie  in  larfpe 
than  small  hridges — llelleetlon  increased  by  road  heinir 
out  of  order — ^Railway  bridges  under  40  feet  span  re- 
qoire  extra  strenipth  in  consequence  of  the  Telocity  of 
trains. — ^The  Commissioners  appointed  to  inquire  into  the  ap- 
plication of  iron  to  railway  structures  '^  carried  on  a  series  of 
experiments  to  compare  the  mechanical  effect  produced  by  weights 
passing  with  more  or  less  velocity  over  bridges,  with  their  effect 
when  placed  at  rest  upon  them.  For  this  purpose,  amongst  other 
methods,  an  apparatus  was  constructed,  by  means  of  which  a  car 
loaded  at  pleasure  with  various  weights  was  allowed  to  run  down 
an  inclined  plane;  the  iron  bars  which  were  the  subject  of  the 
experiment  were  fixed  horizontally  at  the  bottom  of  the  plane,  in 
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such  a  manner  that  the  loaded  car  would  pass  over  them  with  the 
velocity  acquired  in  its  descent.  Thus  the  eflfects  of  giving  different 
velocities  to  the  loaded  car,  in  depressing  or  fracturing  the  bars, 
could  be  observed  and  compared  with  the  effects  of  the  same  loads 
placed  at  rest  upon  the  bar.  This  apparatus  was  on  a  sufficiently 
large  scale  to  give  a  practical  value  to  the  results ;  the  upper  end 
of  the  inclined  plane  was  nearly  40  feet  above  the  horizontal 
portion,  and  a  pair  of  rails,  3  feet  asunder,  were  laid  along  its  whole 
length  for  the  guidance  of  the  car,  which  was  capable  of  being 
loaded  to  about  2  tons ;  the  trial  bars,  9  feet  in  length,  were  laid 
in  continuation  of  this  railway  at  the  horizontal  part,  and  the 
inclined  and  horizontal  portions  of  the  railway  were  connected  by 
a  gentle  dirve.  Contrivances  were  adapted  to  the  trial  bars,  by 
means  of  which  the  deflections  produced  by  the  passage  of  the 
loaded  car  were  registered ;  the  velocity  given  to  the  car  was  also 
measured,  but  that  velocity  was,  of  course,  limited  by  the  height  of 
the  plane,  and  the  greatest  that  could  be  obtained  was  43  feet  per 
second,  or  about  30  miles  an  hour.  A  great  number  of  experiments 
were  tried  with  this  apparatus,  for  the  purpose  of  comparing  the 
effects  of  different  loads  and  velocities  upon  bars  of  various 
dimensions,  and  the  general  result  obtained  was  that  the  deflection 
produced  by  a  load  passing  along  the  bar  was  greater  than  that 
which  was  produced  by  placing  the  same  load  at  rest  upon  the 
middle  of  the  bar,  and  that  this  deflection  was  increased  when  the 
velocity  was  increased.  Thus,  for  example,  when  the  carriage 
loaded  to  1,120  ibs.  was  placed  at  rest  upon  a  pair  of  cast-iron  bars, 
9  feet  long,  4  inches  broad,  and  1^  inch  deep,  it  produced  a 
deflection  of  -^ths  of  an  inch ;  but  when  the  carriage  was  caused 
to  pass  over  the  bars  at  the  rate  of  10  miles  an  hour,  the  deflection 
was  increased  to  y^ths,  and  went  on  increasing  as  the  velocity  was 
increased,  so  that  at  30  miles  per  hour  the  deflection  became  1^ 
inch ;  that  is  more  than  double  the  statical  deflection.  Since  the 
velocity  so  greatly  increases  the  effect  of  a  given  load  in  deflecting 
the  bars,  it  follows  that  a  much  less  load  will  break  the  bar  when 
it  passes  over  it  than  when  it  is  placed  at  rest  upon  it,  and 
accordingly,  in  the  example  above  selected,  a  weight  of  4,150  ibs.  is 
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required  to  break  the  bars  if  applied  at  rest  upon  their  centres ; 
but  a  weight  of  1,778  ibs.  is  sufficient  to  produce  fracture  if  passed 
over  them  at  the  rate  of  30  miles  an  hour.  It  also  appeared  that 
when  motion  was  given  to  the  load,  the  points  of  greatest  deflection, 
and,  still  more,  of  the  greatest  strains,  did  not  remain  in  the  centre 
of  the  bars,  but  were  removed  nearer  to  the  remote  extremity  of 
the  bar.  The  bars,  when  broken  by  a  travelling  load,  were  always 
fractured  at  points  beyond  their  centres,  and  often  broken  into  four 
or  five  pieces,  thus  indicating  the  great  and  unusual  strains  they 
had  been  subjected  to."*  These  experiments  show  that  a  load  in 
rapid  motion  causes  greater  deflection  than  the  same  load  at  rest 
or  moving  slowly,  especially  when  the  moving  load  is  very  large 
compared  with  the  dead  weight  of  the  girder.  The  increase, 
however,  is  generally  slight  in  railway  practice,  and  the  greater  the 
weight  of  the  structure  is  to  that  of  the  passing  train  the  less  will 
be  the  increment  of  deflection  due  to  rapid  motion.  The  difi*erence 
of  deflection  caused  by  a  locomotive  crossing  the  central  span  of 
the  Boyne  Viaduct,  264  feet  in  the  clear  between  supports,  at  a 
very  slow  speed  and  at  50  miles  an  hour  was  scarcely  perceptible, 
and  did  not  exceed  the  width  of  a  very  fine  pencil  stroke,  but  the 
increase  of  deflection  is  more  marked  in  bridges  of  small  span,  as 
appears  from  the  following  experiments  made  on  the  Godstone 
Bridge,  South  Eastern  Railway,  by  the  Conmiissioners  appointed 
to  inquire  into  the  application  of  iron  to  railway  structures.t  The 
Godstone  is  a  cast-iron  girder  bridge,  30  feet  in  span,  with  two 
lines  of  railway. 

Tons. 

Weight  of  two  girders,         -  •  -  -     15 

Weight  of  platform  between  these  girders,  -  -     10 

Weight  of  half  the  bridge,  i.e.,  dead  load,     -     25 

Weight  of  engine,    -  -  -  -  -     21 

Weight  of  tender,    -  -  -  -  -     12 

Moving  load,  -  -  -  -     33 

*  Iron  Com,  Report^  p.  xi  f  Idtm,  Ajip,,  p.  250. 
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Velodtj  in  feet  per  second. 

Deflection  In  dedmalt  of  an  inch. 

0, 
22  =  15   mfles  per  hour, 
40  =  27-8  do.           do.       - 
73  =  49-8  do.            do.        - 

•19 
•23 
•22 
•25 

Similar  results  were  obtained  from  the  Ewell  Bridge,  upon  the 
Croydon  and  Epsom  Line.  The  span  of  the  Ewell  Bridge  is  48 
feet,  the  dead  weight  of  one-half  is  30  tons,  and  the  statical 
deflection  due  to  an  engine  and  tender,  weighing  39  tons,  was 
rather  more  than  one-fifth  of  an  inch.  "This  was  slightly  but 
decidedly  increased  when  the  engine  was  made  to  pass  over  the 
bridge,  and  at  a  velocity  of  about  50  miles  per  hour  an  increase  of 
one-seventh  was  observed.  As  it  is  known  that  the  strain  upon  a 
girder  is  nearly  proportional  to  the  deflection,  it  must  be  inferred 
that  in  this  case  the  velocity  of  the  load  enabled  it  to  exercise  the 
same  pressure  as  if  it  had  been  increased  by  one-seventh,  and  placed 
at  rest  upon  the  centre  of  the  bridge.  The  weight  of  the  engine 
and  tender  was  39  tons,  and  the  velocity  enabled  it  to  exercise  a 
pressure  upon  the  girder  equal  to  a  weight  of  about  45  tons.*** 

The  fact  of  slightly  increased  deflection  from  rapidly  moving 
loads  is  also  confirmed  by  Mr.  Hawkshaw's  experiments  with  an 
engine  and  tender  run  at  a  speed  of  about  25  miles  an  hour  over 
five  compound  iron  girder  bridges  on  the  Wakefield  and  Goole 
Railway.  These  girders  varied  in  span  from  55  feet  7  inches  to 
88  feet  6  inches,  and  were  therefore  less  affected  by  rapid  loads 
than  the  smaller  bridges  just  described.  Mr.  Hawkshaw  inferred 
that  "  where  the  road  is  in  good  order  the  deflection  is  not  much 
increased  by  speed,  but  that  where  the  road  is  out  of  order,  then 
there  is  an  increase  of  deflection."  For  instance,  the  road  im- 
mediately leading  on  to  one  of  the  bridges  in  question  "was 
considerably  depressed  in  level,  so  that  in  running  the  train  over 
the  bridge  at  speed  the  whole  weight  of  the  train  had  to  be 

•  Iron  Com,  Report,  p.  xiv. 
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suddenly  lifted,  and  this  of  course  had  to  be  sustained  by  the  girders 
as  well  as  the  ordinary  weight  of  the  train."* 

The  conclusions  of  the  Commissioners,  as  given  at  p.  xviii.  of 
their  report,  is  as  follows : — "  That  as  it  has  appeared  that  the  effect 
of  velocity  communicated  to  a  load  is  to  increase  the  deflection 
that  it  would  produce  if  set  at  rest  upon  the  bridge;  also  that 
the  dynamical  increase  in  bridges  of  less  than  40  feet  in  length  is 
of  sufficient  importance  to  demand  attention,  and  may  even  for 
lengths  of  20  feet  become  more  than  one-half  of  the  statical 
deflection  at  high  velocities,  but  can  be  diminished  by  increasing 
the  stiffness  of  the  bridge ;  it  is  advisable  that,  for  short  bridges 
especially,  the  increased  deflection  should  be  calculated  from  the 
greatest  load  and  highest  velocity  to  which  .the  bridge  may  be  liable ; 
and  that  a  weight  which  would  statically  produce  the  same 
deflection  should  in  estimating  the  strength  of  the  structure,  be 
considered  as  the  greatest  load  to  which  the  bridge  is  subject." 

455.  filTect  ofcentriftairal  fbree. — Centrifugal  force  produces 
a  very  slight  but  appreciable  increase  of  pressure  w];ien  the  load 
passes  rapidly  across  girders  which,  though  ordinarily  level,  become 
deflected  by  the  load,  and  still  more  so  if  they  happen  to  have 
been  built  originally  hollow  in  place  of  being  level  or  cambered. 
The  increased  pressure  due  to  thb  cause  is  expressed  by  the  fol- 
lowing well  known  equation : — 

P  =  «^  (251) 

Where  P  =  the  pressure  due  to  centrifugal  force, 
R  =  the  radius  of  curvature  in  feet, 
W  =  the  load, 
V  =  the  velocity  in  feet  per  second, 
g  =  the  acceleration  due  to  gravity  =  32  feet  per  second. 

Ex.  1.  A  girder  bridge  200  feet  in  span  is  deflected  0*25  foot  below  the  horizontal  line 
by  a  certain  load,  W,  at  rest ;  what  ia  the  increased  pressure  due  to  centrifugal  force 
if  W  trayerses  the  bridge  at  the  rate  of  60  miles  an  hour  ? 

Here,    v=    ??><5280    =  sfi  feet  per  second. 
60X60  *^ 

R=    1??><^    =20,000feet 
0-5 

*  Irtm  Com,  Report,  App.,  p.  412. 

2  P 
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Amwer,    P  =  l^^^^^®®  =. -omW. 
82X20,000 

Ex.  2.  If  the  ipan  were  only  100  feet»  and  the  deflection  and  yelodty  a«  before,  we 

would  have  R  =:  5,000  feet^  or  ^th  of  its  fonner  value,  whence, 

AnMwer,     P  =  -OttiW  =  ^  nearly. 

'  20  ^ 

456.  Praetleal  methods  of  prodveinir  eamber  and  mea«iir- 
iiftir  deflection. — The  deflection  of  a  girder  supported  at  both 
ends  is  the  result  of  the  lower  flange  being  extended  while  the 
upper  one  is  shortened,  and  camber  may  be  produced  by  the  reverse 
of  this,  that  is,  by  making  the  bays  of  the  upper  flange  slightly 
longer  than  those  of  the  lower  one  when  the  girder  is  in  process 
of  construction  (MS). 

When  small  girders  are  under  proof,  their  deflection  may  be 
conveniently  measured,  unless  there  happens  to  be  a  strong  wind, 
by  means  of  a  fine  wire  fastened  to  one  end  of  the  girder  and 
passing  over  a*  pulley  attached  to  the  other  end,  where  a  small 
weight  will  keep  it  in  a  state  of  constant  tension.  The  deflections 
should  be  read  on  a  scale  attached  to  the  girder  itself;  when 
measured  from  an  object  fixed  outside  the  girder  they  cannot  be 
depended  on,  owing  to  the  supports  on  which  the  ends  of  the 
girder  rest  being  compressed  by  the  weight  of  the  testing  load. 
When  great  accuracy  is  not  required  the  deflection  of  a  girder 
bridge  from  passing  loads  may  be  measured  by  means  of  two 
wooden  rods,  the  bottom  of  one  of  which  rests  on  the  surface  of 
the  ground  beneath  the  bridge,  while  the  top  of  the  second  rod  is 
pressed  upwards  against  the  soffit  of  the  girder,  so  that  they  over- 
lap each  other  midway ;  a  pencil  line  is  then  ruled  across  both 
rods,  and  when  the  upper  one  is  depressed  by  a  passing  load  its 
line  will  descend  slightly,  the  distance  between  the  two  lines  giving 
the  deflection  of  the  girder. 
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DEPTH  OF  GIRDERS  A^D  ARCHES. 

457.  Depth  of  i^ii^^rs  gCDerally  Tarie^  flrom  one-elgrhth 
to  one-slxteeDth  of  the  span — ^Depth  determined  by  practical 
considerations. — The  depth  of  large  girders,  with  the  exception 
of  triangular  trusses,  seldom  exceeds  l-8th,  or  is  less  than  l-16th  of 
the  span.  For  many  years  the  common  rule  for  cast-iron  girders 
was  to  make  the  depth  l-15th  of  the  span  and  this  established  a 
precedent  for  wrought-iron  girders,  but  modern  practice  has  with 
great  advantage  increased  the  ratio,  so  that  from  l->8th  to  l-12th 
are  now  common  proportions  for  braced  girders.  As  the  leverage 
of  the  flange  is  directly  as  the  depth,  while  the  quantity  of  material 
in  the  web  is  theoretically  independent  of  it,  it  might  be  inferred 
that  the  deeper  the  girder  the  greater  the  economy  (tY4).  The 
practical  limit,  however,  is  defined  by  the  extra  material  required 
to  stiffen  long  compression  bars  or  thin  deep  plate  webs,  nor  should 
we  overlook  the  necessity  of  having  sufficient  thickness  in  the  web 
for  durability  and  sufficient  material  in  the  compression  flange  to 
keep  it  from  flexure  or  buckling.  The  following  table  contains 
the  principal  dimensions  of  some  important  Bowstring  bridges, 
which  are  generally  made  deeper  than  girders  with  horizontal 
flanges. 
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458.  Bconomleal  proportton  of  web  to  flange — Praetleal 
rale0. — When  a  given  quantity  of  material  is  to  be  distributed  in 
the  most  advantageous  manner,  the  thinner  the  web  and  the  more 
the  material  is  concentrated  in  the  flanges,  the  stronger  will  the 
girder  be,  provided  the  web  retains  sufficient  material  for  trans- 
mitting the  shearing-strain ;  but  when,  as  is  frequently  the  case  in 
small  girders,  the  ^rder  derives  a  considerable  portion  of  its 
strength  from  the  web  acting  as  an  independent  rectangular  girder, 
its  thickness  being  determined  from  practical  considerations,  there 
is  a  certain  depth,  depending  on  the  thickness  of  the  web  and 
the  relation  between  the  flanges,  which  will  produce  a  girder  of 
maximum  strength.  If  the  flanges  are  of  equal  area  this  depth 
may  be  found  as  follows : — 

Let  I  =  the  length  of  the  girder, 

b  =:  the  thickness  of  the  web,  as  determined  by  practical  con- 
siderations, 
d  =  the  depth  of  the  girder, 
a  =  the  area  of  either  flange, 
a'  zz  bd  ^  the  area  of  the  web, 

A  =  2a-{-a'  =  the  total  sectional  area,    which  is  a  given 
quantity. 

From  equation  71,  we  have  for  the  weight  which  an  equal- 
flanged  semi-girder  loaded  at  the  end  will  support, 

in  which  /  is  the  unit-strain  in  either  flange.  W  is  maximum 
when  d  (^+^-  }  is  maximum,  and  in  order  to  find  what  value  of 
d  will  produce  this  result  we  must  equate  the  differential  coefficient 
of  ^  (a-t-^  I  to  cipher,  first  substituting  for  a  and  a'  their  values 
in  terms  of  d  and  the  constant  A,  as  follows : — 

Equating  the  differential  coefficient  of  the  term  within  the  bracket 
to  cipher,  we  have. 
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whence, 

W  =  ?  A  (252) 

4 

The  depth  therefore  should  be  such  that  the  web  may  contain  |ths 
of  the  whole  amount  of  material. 

The  thickness  of  the  webs  of  wrought-iron  plate  girders  for 
railway  or  public  bridges  should  not  be  less  than  ^  inch  (4S1), 
while  those  of  cast-iron  girders  generally  vary  from  1  to  2  inches. 
The  following  rule  for  the  minimum  thickness  of  cast-iron  webs  is 
given  by  M.  Guettier,  a  skilful  French  founder.* 

Length  of  girder.  MinimniD  thickneoB  of  cMt-iron  Weboi 

4  metres,      -        -        -        20  millimetres  =  0*8  inches. 

5  „  -        -        -        25  „         =  10      „ 

6  „  ...        30  „         =  1-2      „ 
8      „          ...        35          „         =  1-4      „ 

Stiffening  ribs  are  sometimes  formed  at  right  angles  to  the  webs 
of  cast-iron  girders,  so  as  to  act  as  brackets  to  the  flanges,  but 
they  are  apt  to  shrink  unequally  in  cooling  and  produce  dangerous 
cracks  in  the  casting. 

459.  Hepth  of  iron  and  »tone  arches. — The  two  following 
tables  contain  the  principal  dimensions  of  some  important  iron  and 
stone  arched  bridges.  See  also  the  tables  relating  to  cast-iron 
arches  and  wrought-iron  roofs  in  Chap.  XXVIII. 

•  Morin,  Rim$UMC€  de$  MaUriaux,  p.  277. 
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CHAPTER   XXVII. 

CONNEXIONS. 

460.  Appliances  Ibr  coiiDectlnip  Iron-work — Utrengih  of 
Joints  should  equal  that  of  the  aiyolnlngr  parts — Screws. — 

One  general  rule  applies  to  all  jointed  stractures,  namely,  that  the 
strength  of  the  whole  is  limited  by  that  of  its  weakest  part,  and 
accordingly  the  strength  of  joints  should  not  be  less  than  that  of 
the  parts  which  they  connect.  The  usual  appliances  for  connecting 
iron-work  may  be  divided  into  four  classes : — 

1.  Screws.  3.  Gibs  and  cotters. 

2.  Bolts  or  pins.  4.  Eivets. 

The  strain  to  which  the  above-mentioned  connectors  are  subject 
is  generally  a  shearing-strain,  and  as  the  strength  of  iron  to  resist 
shearing  is  practically  equal  to  its  tensile  strength  (S04),  the 
strength  of  an  iron  rivet,  bolt,  cotter,  or  screw,  is  measured  by  the 
product  of  the  area  subject  to  shearing  multiplied  by  the  tearing 
unit-strain  of  the  iron.  The  thread  of  a  screw  which  is  subject 
to  longitudinal  tension  may  be  "  stripped"  or  shorn  off  by  the  nut ; 
in  the  case  of  V  threaded  screws  both  nut  and  screw  may  be 
stripped  simultaneously  midway  between  the  base  and  vertex  of 
the  thread,  and  the  shearing  area  is  approximately  measured  by 
the  circumference  of  the  screw  at  base  of  thread  multiplied  by 
half  the  length  grasped  by  the  nut ;  in  the  case  of  square  threads 
the  shearing  area  is  the  same.  From  this  it  follows  that  the 
length  of  the  nut  should  be  at  least  one-half  the  effective  or  net 
diameter  of  the  screw.  In  practice  it  is  generally  made  equal  to 
1  or  1^  times  the  gross  diameter  and  the  diameter  of  a  nut,  or 
bolt-head,  or  rivet-head  is  seldom  less  than  twice  that  of  the  bolt. 

401.  Bolts  or  plnii — Proportions  of  eye  and  pin  In  flat 
links — Cpsettlnir  and  hearlnir  snrfhce. — ^A  bolt  or  pin  is  the 
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eimplest  appliance  for  connecting  together  two  pieces  of  iron,  and 
as  the  priacipal  considerations  connected  with  a  holt  joint  also 
apply  to  other  and  more  complex  forms,  I  shall  devote  a  short 
space  to  its  investigation.  Take,  for  example,  the  joint  of  a 
Bospension  bridge,  the  chains  of  which  are  formed  of  long  flat 
links  connected  hj  pins  passing  through  eyes  formed  at  their 
ends.  Such  a  joint  may  fail  in  six  ways. 
Kg.  112. 


1.  By  the  link  tearing  through  the  eye  at  ed,  for  want  of 
sufficient  material  to  withstand  the  longitudinal  tensile  strain. 
Hence,  the  sectional  area  at  cd  should  theoretically  eqnal  that  of 
the  shank  at  ab,  but  in  practice  it  may  be  somewhat  greater,  as  the 
strain  is  less  direct  round  the  eye  than  in  the  body  of  the  link. 

2.  By  the  end  of  the  link  being  split  along  one  or  two  lines, 
such  as  gh  and  He,  for  want  of  sufficient  area  to  resist  the  shearing 
action  of  the  pin.  Hence,  the  combined  areas  at  ffh  and  ik 
should  theoretically  equal  that  of  the  shank  at  ab,  but  in  practice 
be  considerably  greater,  ae  this  part  of  the  eye  acts  as  a  short  girder 
whose  abutments  are  ce  and  /d ;  this  causes  the  outer  circumference 
near  h  and  jfc  to  be  in  severe  tension  and,  therefore,  very  liable  to 
tear,  especially  when  the  "  reed"  of  the  iron  is  open,  as  is  frequently 
the  case  with  bar  and  angle  iron. 

3.  By  the  pin  being  shorn  across.  This  arises  from  its  diameter 
being  too  small.  Hence,  if  the  piu  he  iron  and  in  double-shear, 
its  area  should  in  no  case  be  less  than  one-half  that  of  the  shank 
at  ab  (S»4). 

4.  By  the  pin-  bending.  This  also  arises  from  its  diameter  being 
too  small  to  afford  the  requisite  stiffness,  but  ultimate  failure  may 
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generally  be  prevented  by  the  links  being  kept  from  spreading 
asunder  by  a  head  and  nut  on  the  pin,  at  the  loss,  however,  of 
freedom  of  motion. 

5.  By  the  link  tearing  through  the  shoulder  at  Imy  in  consequence 
of  the  curvature  or  change  of  form  being  too  abrupt  to  permit  the 
lines  of  strain  in  the  shank  bending  gradually  round  the  eye. 

6.  By  the  crown  of  the  eye  being  upset  between  g  and  t.  This 
arises  from  the  bearing  surface  of  the  pin  being  too  small  in 
proportion  to  the  longitudinal  strain,  in  which  case  there  is  an 
excessive  pressure  on  each  superficial  unit  at  the  crown  of  the  eye, 
whereby  the  material  there  is  upset,  and  the  sides  of  the  eye  at 
e  and  /  become  first  unduly  attenuated  and  then  torn,  the  rent 
extending  from  the  inside  towards  the  circumference.  Sir  0.  Fox 
has  drawn  attention  to  this  latter  source  of  failure  in  a  valuable 
communication  to  the  Eoyal  Society,  in  which  the  following 
remarks  occur  :* — "  If  the  pin  be  too  small,  the  first  result  on  the 
application  of  a  heavy  pull  on  the  chain  will  be  to  alter  the 
position  of  the  hole  through  which  it  passes,  and  also  to  change  it 
from  a  circular  to  a  pear-shaped  form,  in  which  operation  the 
portion  of  the  metal  in  the  bearing  upon  the  pin  bec(Hnes  thickened 
in  the  effort  to  increase  its  bearing  surface  to  the  extent  required. 
But  while  this  is  going  on,  the  metal  round  the  other  portions  of 
the  hole  will  be  thinned  by  being  stretched,  until  at  last,  unable 
to  bear  the  undue  strains  thus  brought  to  bear  upon  it,  its  thin 
edge  begins  to  tear,  and  will,  by  the  continuance  of  the  same  strain^ 
undoubtedly  go  on  to  do  so  until  the  head  of  the  link  be  broken 
through,  no  matter  how  large  the  head  may  be ;  for  it  has  been 
proved  by  experiment  that  by  increasing  the  size  of  the  head, 
without  adding  to  its  thickness  (which,  from  the  additional  room  it 
would  occupy  in  the  width  of  the  bridge,  is  quite  inadmissible),  no 
additional  strength  is  obtained.  The  practical  result  arrived  at 
by  the  many  experiments  made  on  this  very  interesting  subject  is 
simply  that,  with  a  view  to  obtaining  the  full  efficiency  of  a  link, 
the  area  of  its  semi-cylindrical  surface  bearing  on  the  pin  must  be  a 

*  ('On  the  Size  of  Pinfl  for  coimectiiig  Flat  LmkB  in  the  CliBini  of  Suspension 
Bridges."— Proc  Boy.  Soc,  Vol  xiv.,  No.  78,  p.  189. 
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little  more  than  equal  to  the  smallest  transverse  sectional  area  of  its 
body;  and  as  this  cannot,  for  the  reasons  stated,  be  obtained  by 
increased  thickness  of  the  head,  it  can  only  be  secured  by  giving  a 
sufficient  diameter  to  the  pins.  That  as  the  rule  for  arriving  at 
the  proper  size  of  pin  proportionate  to  the  body  of  a  link  may  be 
as  simple  and  easy  to  remember  as  possible,  and  bearing  in  mind 
that  from  circumstances  connected  with  its  manufacture  the  iron 
in  the  head  of  a  link  is  perhaps  never  quite  so  well  able  to  bear 
strain  as  that  in  the  body,  I  think  it  desirable  to  have  the  size  of 
the  hole  a  little  in  excess,  and  accordingly  for  a  10  inch  link  I 
would  make  the  pin  6f  inch  in  diameter,  instead  of  6^  inch,  that 
dimension  being  exactly  two-thirds  of  the  width  of  the  body,  which 
proportion  may  be  taken  to  apply  to  every  case  (where  the  body 
and  heads  are  of  uniform  thickness).  As  the  strain  upon  the  iron 
in  the  heads  of  a  link  is  less  direct  than  in  its  body,  I  think  it  right 
to  have  the  sum  of  the  widths  of  the  iron  on  the  two  sides  of  the 
hole  10  per  cent,  greater  than  that  of  the  body  itself.  As  the  pins, 
if  solid,  would  be  of  a  much  larger  section  than  is  necessary  to 
resist  the  effect  of  shearing,  there  would  accrue  some  convenience, 
and  a  considerable  saving  in  weight  would  be  effected,  by  having 
them  made  hollow  and  of  steel."  Mr.  G.  Berkley  also  has  made 
several  valuable  experiments  on  the  strength  of  links,  from  which 
he  concludes  that  the  diameter  of  the  pin  should  equal  fths  of  the 
width  of  the  shank,  while  Mr.  Brunei  in  his  latest  practice  adopted 
the  same  proportion  of  pin  as  Sir  C.  Fox,  but  made  the  curve  of 
the  shoulder  exceedingly  gradual — ^the  radius  being  7*6  times  the 
width  of  the  shank — with  the  object  of  deflecting  the  lines  of 
strain  along  the  shank  as  gradually  as  possible  before  passing 
round  the  eye,  the  experiments  which  were  made  for  the  Chepstow 
and  Saltash  bridges  having  led  to  the  belief  that  strength  depended 
more  upon  the  shape  of  the  shoulder  than  upon  excess  of  metal 
about  the  eye.* 

The  following  table  gives  these  and  other  proportions  adopted 
by  the  foregoing  authorities  in  a  concise  form : — 

*  Proe,  Intt.  C.  S.,  YoL  xzx.,  pp.  220  and  271. 
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TABLE  I. — PBOPOBTioHa  OF  TBI  Etis  or  FuT  Bab  Lnu, 


Fox. 

B«H.T. 

B™-i. 

Shank,                      ^    - 

l-M 

1-00 

1-00 

Diameter  of  pin,       B,   ■ 

■66 

■76 

■66 

End  of  eye,               C,   ■ 

- 

100 

■60 

Sidw  of  eye,            D  +  D 

1-10 

1-26 

1-21 

Width  of  dionlder,   E,   - 

^ 

IDO 

- 

BadJat  of  ihoulder,  R,   ■ 

- 

1-60 

780 

The  ddei  of  the  eye  of  to  ordinwy  forged  tie  rod  iueve  nnuJly  ft  odlective 

sreft  eqiud  to  1-6  m  2  times  that  of  the  rod. 

4e*.  HlTcts  la  Mingle  and  doaUe  «h«»r — Proportloaa  of 
riT«tR  la  t^fllon  and  conpresiloB  Joints — BodyUasoa'a 
rale*  fbr  the  strearth  of  Rln^le  aad  doable  rlTetlac — 
■■OarionB  eWect  of  panchlDfc  holes — Relative  stren^b  of 
pnaciied  and  drilled  holes. — The  strength  of  a  riveted  joint, 
so  far  as  the  rivets  are  concerned,  ia  proportional  to  the  DDitiber  of 
flhearti  to  which  thej  are  Bubject,  a  rivet  in  double-shear,  Fig.  114, 
being  twice  as  etroog  as  a  rivet  in  single-shear,  Fig.  115;  so  that 
to  make  the  joints  of  equal  strength,  the  single-shear  joint  must 
have  twice  as  man;  rivets  as  the  other. 
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Elf.  Hi. 
Donbla-Sliear. 


When  a  joint  connects  plates  in  tension,  the  aggregate  shearing 
area  of  the  rivets  on  each  side  of  the  joint  line  multiplied  by  tlie  safe 
shearing  vnit-Btrain  of  the  rivets  should  equal  die  total  working  strain 
transmitted  through  the  plates.  It  thus  happens  in  girder-work 
that  the  coUectiTe  ehearing  area  of  the  rivets  of  a  well  proportioned 
tension  joint  is  nearly  equal  to  the  effective  plate  area,  i.e.,  the  net 
area  of  the  plates  after  deducting  rivet  holes  (8ft4).  In  practice  the 
rivet  area  ia  generally  made  about  1-lOth  greater,  id  order  to  com- 
pensate for  any  inequality  in  the  distribution  of  the  strain  among 
the  rivets.  In  steel  plating  the  rivet  area,  if  the  rivets  are  steel, 
should  be  one-third  greater  than  the  net  area  of  the  plates,  bat  the 
heads  of  steel  rivets  are  very  apt  to  fly  off  (89«).  When  a  joint 
connects  compreewon  plates  whose  ends  do  not  butt  closely  against 
each  other,  the  thrust  ia  transmitted  through  the  covers  and  tends 
to  shear  the  rivets  across  exactly  in  the  same  manner  as  when  a 
tenfflle  etrun  is  transmitted,  and  the  foregoing  rule  applies  here  also. 
If,  however,  the  compression  plates  have  their  ends  planed  square 
and  then  brought  very  carefully  into  close  contact  so  an  to  form 
a  "jump"  joint,  a  short  cover  and  one,  or  at  most  two,  transverse 
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rows  of  rivets  on  each  side  of  the  joint  line  will  suffice,  as  the  use 
of  the  cover  in  this  case  is  merely  to  keep  the  plates  in  line  but  not 
to  transmit  the  thrust.  A  jump  compression  joint  is  erroneously 
supposed  to  be  stronger  than  one  in  which  the  plates  are  slightly 
apart  with  the  covers  and  rivets  duly  proportioned  as  for  a  tension 
joint,  and  engineers  are  sometimes  over-exacting  in  this  respect, 
expecting  water-tight  joints  when  the  contractor  gets  only  18s.  or 
^208.  per  cwt.  for  the  girder.  A  real  jump  joint  with  the  plates 
butting  along  their  whole  width  is  rare,  as  the  process  of  riveting 
generally  draws  the  plates  slightly  apart  and  an  interval  of  a 
hundredth  of  an  inch  is  theoretically  as  bad  as  a  quarter  inch.  A 
little  caulking  of  the  edges,  however,  makes  all  smooth  to  the  eye, 
and  the  so-called  ''jump"  joint  passes  muster.  A  practical  remedy 
for  this  is  described  in  404. 

With  respect  to  the  ordinary  method  of  riveting  in  transverse 
rows,  each  row  containing  the  same  number  of  rivets,  Mr. 
Hodgkinson  deduced  from  his  experiments  that  ''  the  strength  of 
plates  however  riveted  together  with  one  row  of  rivets,  was  reduced 
to  about  one-half  the  tensile  strength  of  the  plates  themselves ;  and 
if  the  rivets  were  somewhat  increased  in  number,  and  disposed 
alternately  in  two  rows,  the  strength  was  increased  from  one-half 
to  two-thirds  or  three-fourths  at  the  utmost."* 

Seducing  these  conclusions  to  a  convenient  standard,  we  have  the 
following  rule  for  the  relative  strength  of  lap-joints : — 

Strength  of  the  unpunched  plate,  -     100 

Strength  of  a  double-riveted  joint,  -      66 

Strength  of  a  single*riveted  joint,  -       50 

Nearly  all  experimenters  on  the  subject  agree,  and  my  own 
experience  corroborates  the  fact,  that  punching  reduces  the  tensile 
strength  of  iron  to  a  greater  degree  than  the  aggregate  area  of 
the  metal  punched  out,  and  a  close  examination  of  the  border  of 
each  hole  shows  that  it  has  been  subject  to  a  certain  degree  of 
violence,  which  in  most  cases  has  injuriously  affected  the  fibre  of 
the  iron.     Drilling  does  not  damage  the  metal  smTOunding  the 

*  Iron  Oonk  lUp,,  App ,  p.  116. 
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hole,  and  it  is  therefore  preferred  where  the  nature  of  the  work 
will  permit  the  extra  cost  of  drilling  over  punching.  Mr.  Maynard 
inferred  from  his  experiments  that  drilled  plates  are  19  per  cent, 
stronger  than  punched  plates.  There  can  be  little  doubt,  however, 
that  the  exact  percentage  will  depend — 1^.,  on  the  condition  of  the 
punching  tool,  i.e.y  the  maintenance  of  the  proper  proportion  of 
size  between  the  punch  and  die;  and  2^.,  on  the  quality  of  the 
iron — ^a  tough  coppery  iron,  like  Low  Moor,  sufiPering  less  injury 
firom  punching  than  a  hard  brittle  iron,  and  thick  plates  suffering 
more  than  thin  ones.  Mr.  Maynard  was  also  led  to  the  conclusion 
that  rivets  in  drilled  holes  were  4  per  cent,  weaker  than  rivets  in 
punched  holes,  because  the  sharp  edges  of  the  drilled  plates  have  a 
tendency  to  shear  off  the  rivets  cleaner  than  those  in  the  punched 
plates,  and  he  finally  concluded  that  the  difference  is  15  per  cenl 
in  favour  of  drilled  work  when  compared  with  punched  work. 

468.  CoTeiw — Single  and  double  e^Yerm  eom^arcd — Iiap- 
Joint. — The  strength  of  the  covers  of  teneian  jointSy  and  compression 
joints  where  the  plates  do  not  butt  closely^  should  equal  that  of  the 
plates  ;  hence,  a  single  cover  should  resemble  a  short  length  of  the 
plate  and  each  side  of  a  double  cover  be  at  least  half  as  thick  as  the 
plate. 

As  the  quantity  of  material  required  for  covers  forms  a  very 

considerable  percentage  of  the  plates  (12  per  cent,  and  upwards, 

depending  on  the  length  of  the  plates),  it  is  of  great  importance 

that  the  joints  be  as  few  as  possible  and  arranged  in  the  very 

best  manner.     This  is  more  especially  the  case  in  large  girders, 

where  every  ton  of  useless  weight  requires  perhaps  several  tons  in 

the  main  girders  for  its  support,  as  will  be  shown  in  a  succeeding 

chapter.     For  this  reason  large  plates,  with  few  joints,  though 

they  may  cost  extra  per  ton,  will  often  make  a  cheaper  girder 

than  plates  of  ordinary  sizes  with  more  numerous  joints  (487).    In 

the  usual  method  of  cover  riveting,  two  or  three  transverse  rows 

of  rivets  are  placed  on  each  side  of  the  joint  line,  each  row 

containing  the  same  number  of  rivets,  and  the  effective  area  of  the 

plate,  if  in  tension,  is  reduced  by  the  aggregate  section  of  the 

rivet  holes  in  any  one  row.    Hence,  it  would  appear  that  the  fewer 

2  G 
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rivet  holes  there  are  in  each  transverse  row  the  less  is  the  plate 
weakened  and  the  more  is  its  material  economized.  But  this  again 
requires  several  successive  rows  of  rivets  in  order  to  provide 
sufficient  rivet  area,  thus  introducing  the  necessity  of  long  covers, 
which  may  more  than  counterbalance  the  saving  in  the  plates. 
The  size  of  the  plates  therefore  will  determine  to  some  extent  the 
economical  length  of  the  covers  as  well  as  the  transverse  pitch  of 
the  rivets.* 

The  few  experiments  described  in  Z9Z  seem  to  indicate  that 
rivets  in  single-shear  vrill  not  withstand  so  great  a  unit-strain  as 
rivets  in  double-shear;  this,  however,  requires  confirmation,  and 
good  experiments  on  the  strength  of  various  forms  of  rivet  joints 
are  much  wanted.  From  those  recorded  by  Sir  William  Fairbairn 
in  the  appendix  to  the  first  series  of  '*  Useful  Information  for 
Engineers,'*  it  appears  that,  so  far  as  the  plates  are  concerned,  a 
single-cover  or  lap-joint  with  only  one  transverse  row  of  rivets  in  the 
lap  is  considerably  weaker  (in  the  experiments  about  25  per  cent, 
less)  than  a  double-cover  joint  of  the  same  theoretic  strength,  i,e.^ 
with  the  same  net  area  of  plates  taken  across  the  rivet  holes.  This 
arises  from  the  distortion  of  the  single-cover  or  lap-joint  which, 
yielding  in  its  effort  to  assume  a  straight  line  between  the  points  of 
traction,  bends  the  plates  slightly  and  makes  them  liable  to  tear 
across  the  line  of  rivet  holes.  When,  however,  a  single-cover  or 
lap-joint  had  two  or  more  transverse  rows  of  rivets  in  the  lap  its 
strength  was  not  less  than  that  of  a  double-cover  joint  of  equal  plate 
area.  If  the  plates  are  kept  in  a  straight  line  by  being  riveted  to 
an  angle  iron  or  web,  like  the  flange  plates  of  a  ^-der,  it  is  still 
more  likely  that  the  strength  of  a  single-cover  joint  will  be  fully 
equal  to  that  of  a  double-cover  joint  of  the  same  theoretic  strength, 
but  whenever  convenient,  the  double-cover  should  be  adopted  from 
economical  motives,  as  it  gives  double-shear  to  the  rivets,  and  need 
therefore  be  only  half  as  long  as  a  single  cover  with  the  same  rivet 
area.  The  common  lap-joint  represented  first  in  Fig.  115,  is, 
however,  an  exception  to  this,  as  the  lap  need  not  be  longer  than 
half  the  single  cover  represented  beneath  it. 

*  The  "pitch"  is  the  distance  measured  from  centre  to  centre  of  rivets. 
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464.  Tension  Joints  of  piles — Compression  Joints  of  piles 
reqolre  no  eoTers  If  the  plates  are  well  batted — Cast-sine 
Joints. —  I  have  already  advocated  the  piling  of  plates  over  each 
other  when  a  large  flange  area  is  required,  and  I  have  shown  that 
long  rivets  form  no  practical  objection  to  this  arrangement 
(4Mj  494).  When  several  plates  are  riveted  together  their  joints 
are  generally  arranged  in  steps^and  the  length  of  each  cover  equals 
the  lap  of  one  plate  multiplied  by  the  number  of  plates  +  1. 
Thus,  in  Fig.  116,  the  pile  consists  of  three  plates  and  the  length 

Fifir.  116. 


of  each  cover  equals  four  laps.  The  length  of  lap  is  generally  twice 
the  longitudinal  pitch  of  the  riveting.  The  thickness  of  the  covers 
of  tension  piles  should  be  somewhat  greater  than  half  that  of  one 
plate,  for  it  is  dear  that  when  a  joint  occurs  in  an  upper  or  lower 
plate,  more  than  half  the  tension  in  that  plate  will  be  thrown  into 
the  nearest  cover.  Hence,  it  is  a  good  rule  to  make  the  covers  of 
tension  piles  not  less  than  f  ths  of  the  thickness  of  a  single  plate. 

If  a  pile  of  several  plates  be  in  compression  and  closely  fitted 
so  as  to  butt  against  each  other,  no  covers  will  be  required,  and 
great  economy  will  result  from  this  in  very  large  girders,  so  much 
BO  as  amply  to  repay  the  extra  expense  of  planing  the  ends  of  the 
plates  and  bringing  them  carefully  into  close  contact.  To  ensure 
this,  however,  requires  considerable  attention,  for  the  riveting 
process  has,  as  already  observed,  a  tendency  to  open  the  joints 
slightly,  but  cast-zinc,  which  is  a  very  hard  substance,  may  be 
usefully  employed  for  running  into  the  compression  joints  of 
wrought  as  well  as  cast-iron,  provided  they  are  sufficiently  open 
to  let  the  molten  metal  flow  freely.  The  joints  of  the  cast-iron 
voussoirs  of  the  Bridge  of  Austerlitz  in  Paris,  finished  in  1806, 
were  thus  formed,*  and  in  my  own  practice  I  have  used  cast-zinc 
for  filling  up  the  irregular  intervals  between  the  ends  of  the  arched 
ribs  of  a  cast-iron  bridge  of  96  feet  span  and  the  wall-plates  from 

*  Ene.  Brit,  Sth  EcL,  art  *<  Iron  Bridge,"  Vol  zil,  p.  681. 
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which  they  sprang;  in  the  latter  case  accurate  fitting  would  have 
been  extremely  difficult,  if  not  impossible,  and  a  very  satisfactory 
and  dose  joint  was  made  by  slightly  warming  the  parts  with  a  fire 
of  chips  **to  expel  the  cold  air/'  as  the  workmen  say,  before 
pouring  in  the  molten  zinc.  The  heat  probably  expels  moisture  and 
assists  the  flowing  of  the  metal  into  the  narrower  crevices.  I  have 
also  used  cast-^c  very  successfully  for  securing  crane  posts  (both 
cast  and  vnrought-iron)  in  their  foundation  plates,  where  it  ensures 
dose  contact  without  the  cost  of  fitting.  The  following  description 
of  this  method  of  forming  the  joints  of  a  cast-iron  arch  of  133  feet 
span  on  the  Pennsylvania  Central  Railroad  occurs  at  p.  244  of 
Haupt  on  Bridge  Construction : — '*  The  joints  were  separated  to 
the  distance  of  one-fourth  of  an  inch,  and  filled  with  spelter  (cast- 
zinc)  poured  into  them  in  a  melted  state;  this  was  very  oonve- 
mently  done  by  binding  a  piece  of  sheet-iron  around  each  joint, 
and  covering  it  with  clay.  The  material  introduced  being  nearly 
as  hard  as  the  iron  itself,  and  filling  all  the  inequalities  of  the 
siurface,  rendered  the  connexion  perfect."  If  the  space  between 
two  plates  be  very  narrow,  the  joint  should  be  placed  in  a  vertical 
position  so  that  gravity  may  aid  the  flow  of  the  metal,  and  a  little 
tin  added  to  the  zinc  is  said  to  render  the  latter  more  fluid. 

465.  Tarioas  eeommdeal  arranyeiiieDts  of  tensloii  Joints. — 
The  following  method  of  riveting  reduces  the  tensile  strength  of 
the  parts  connected  less  than  that  in  common  use,  and  possesses  the 
merit  of  being  applicable  to  plates  as  well  as  bars.  Its  peculiarity 
consists  in  diminishing  the  number  of  rivets  in  each  row  as  they 
recede  from  the  joint-line,  and  at  the  same  time  slightly  increasing 
the  thickness  of  the  cover  or  covers  beyond  that  of  the  parts 
connected.  Fig.  117  represents  this  arrangement  applied  to  a  bar 
or  narrow  plate  with  double  covers.  There  are  eight  different  ways 
in  which  the  joint  may  &il.  1^.  By  the  bar  tearing  at  a,  where  its 
area  is  reduced  by  only  one  rivet  hole.  2^.  By  both  covers  tearing 
at  b,  where  each  is  weakened  by  two  rivet  holes;  this,  however, 
is  compensated  for  by  their  united  area  bdng  somewhat  greater 
than  that  of  the  bar.  3^.  By  the  bar  tearing  at  b  at  the  same  time 
that  the  rivet  at  a  is  double-shorn.    4^.  By  the  rivets  on  one  side 
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of  the  joint  line  double^hearing.  5°.  By  the  rivets  on  the  sltemote 
half-faces  ungle-shearing.  6°.  By  the  rivets  on  one  half-face  single- 
shearing  while  the  opposite  cover  tears  at  b.  7°.  By  both  covers 
tearing  at  a  simultaneously  with  the  rivets  double-shearing  at  h. 
8°.  By  both  covers  tearing  at  a  simultaneously  with  the  bar 
tearing  at  b.  If,  for  example,  the  plates  ^re  7  inch  x  \  inoh, 
connected  by  two  -fgth  inoh  covers  with  jf  th  inch  rivet  boles,  the 
net  area  of  the  plate  at  a  is  3*1  square  inches  nearly;  the  double- 
ahearing  area  of  the  rivets  at  one  ^de  of  the  joint  line  equals  3*1 
inches,  and  the  net  area  of  both  covers  together  at  i  is  3-36  inches. 

Figr.  117. 


Finally,  the  net  area  of  the  plate  at  b  together  with  the  double- 
shearing  area  of  the  rivet  at  a  equals  3-7  inches.  This  joint  is 
therefore  tolerably  well  proportioned,  while  the  effective  strength 
of  the  [dates  is  really  reduced  by  only  one  rivet  hole,  viz.,  that  at  a. 
A  uuular  plan  of  joint  is  applicable  to  broad  plates.  Fig.  118. 

Fig.  118. 


When  this  mode  of  riveting  is  applied  to  a  pile  of  plates,  the 
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extra  thicknesa  of  the  covers  should  be  sufficient  to  compensate  for 
the  reduction  in  the  strength  of  the  whole  pile  caused  by  the 
close  tranaverse  riretiiig  at  the  joints. 

When  bars  or  plates  are  lap-joInted  the  arrangement  proposed 
by  Mr.  Barton,  and  represented  in  Fig.  119,  is  an  excellent  one. 
Rg.  119. 


The  diagonal  joint  running  obliquely  across  the  plate  is  another 
useful  arrangement,  and  it  appears  from  experiments  instituted  by 
Mr.  J.  G.  Wright  that  the  strength  of  a  eiogle-iiveted  diagonal 
lap-joint  at  45°  was  64-7  per  cent,  of  that  of  the  solid  plate,  whereas 
the  strength  of  a  aimihu-  stnught  joint  was  only  48-2  per  cent,  the 
increase  in  strength  of  the  diagonal  joint  being  34  per  cent,  over 
the  other,  that  is,  the  diagonal  single-riveted  joint  was  nearly  as 
strong  as  an  ordinary  straight  double-riveted  joint.* 

466.  Contraction ofrlTefSiuidreflaltliirnnetloiiarplAte« — 
Ultimate  strenirtb  of  rtvetjoiiitfl  not  Increased  by  IHctUm. — 
Kivets  contract  in  cooling  and  draw  the  plates  together  with  such 
force  that  the  friction  produced  between  their  surfaces  is  generally 
sufficient  to  prevent  them  from  slipping  over  each  other  so  long  as 
the  strun  lies  within  limits  which  are  not  exceeded  in  practice, 
and  when  this  occurs  the  rivets  are  not  subject  to  shearing  strain. 
From  experiments  made  during  the  construction  of  the  Britannia 
Tubular  Bridge  it  appears  that  the  toIuc  of  this  friction  is  rather 
variable-t  In  one  experiment  with  a  Jth  inch  rivet  paaeing  through 
three  plates,  and  therefore  in  double-ahear,  it  amounted  to  5*59 
tons,  in  another  with  a  }th  inch  rivet  and  two  plates  lap-jointed 
with  -^^th  inch  washers  next  the  rivet  heads  it  reached  473  tons, 
while  in  a  third  experiment  with  three  pUtes  and  gth  inch  rivet 
with  ^  inch  washers  next  the  rivet  heads,  making  the  shank  of  the 

*  Proe.  /iwC  M.  S^  1372,  p.  77.         i  Clark  on  At  Tvbuiar  Bridget,  p.  893. 
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rivet  2|  inch  long,  the  middle  plate  supported  7*94  tons  before  it 
slipped.  In  these  experiments  the  hole  in  one  or  both  plates  was 
oval  and  the  sliding  took  place  abruptly.  Though  the  friction  of 
riveted  plates  may  be  sufficient  to  convey  the  usual  working-strain 
without  subjecting  the  rivets  to  shearing,  it  does  not  follow,  nor 
do  experiments  indicate,  that  the  ultimate  strength  of  a  rivet  joint 
is  increased  by  this  friction.  It  is  an  interesting  fact,  however, 
that  rivets  in  ordinary  girder-work  and  plating  are  subject  to  a 

tensile  and  not  a  shearing  strain. 

469.  €ltrdei^maker0%  Bollei^inakers*  and  Shipbuilders' 
rales  Ibr  rlTetlny — Chain-riTetinir* — Joints  may  fail  by  each 
rivet  splitting  or  shearing  out  the  piece  of  plate  in  front  of  itself. 
Consequently,  the  minimum  theoretic  distance  of  the  rivets  from 
the  edge  of  an  iron  plate  or  from  each  other  lengthways  should  be 
determined  by  the  consideration  that  the  shearing  area  of  the 
plate  (along  two  lines)  between  each  rivet  and  the  one  behind  it,  or 
between  each  rivet  in  the  first  row  and  the  edge  of  the  plate,  be 
not  less  than  that  of  the  rivet.  If,  for  example,  the  rivets  in 
Fig.  117  be  I  inch  and  the  plates  ^  inch  thick,  the  shearing  area 
of  each  rivet  (in  double-shear)  equals  1  square  inch  nearly,*  and 
the  distance  of  the  edge  of  the  rivet  holes  from  the  joint  line  should 
theoretically  not  be  less  than  ^  an  inch.  Practically,  however,  this 
is  insufficient,  for  punching  tends  to  burst  the  edges  of  the  holes  if 
placed  so  close  to  each  other  or  to  the  edge  of  the  plate,  especially 
if  the  plate  be  thick  or  of  brittle  quality,  and  in  boilers  the  dis- 
tance between  the  holes  and  the  edge  of  the  plate  is  usually  about 
once  the  diameter  of  the  rivet.  If  the  distance  exceed  this  it  is 
difficult  to  make  the  seam  steam-tight  by  caulking.  In  girder- 
work,  which  does  not  require  caulking  like  a  boiler,  this  distance  is 
seldom  less  than  1^  times  the  diameter  of  the  rivet,  and  the  pitch 
may  vary  from  2^  to  5  or  even  7  inches,  but  should  not  exceed  15 
times  the  thickness  of  a  single  plate,  from  6  to  12  times  being 
common  practice.    The  rivets  in  ordinary  girder-work  range  from 

*  Rivet  holes  are  generaUy  punched  from  ^nd  to  i^th  inch  laiger  than  the  nominal 
flue  of  the  rivet»  in  oxder  that  the  latter  when  red  hot  may  pais  freely  through  the 
hole.    Hence,  the  area  of  a  {  inch  iiyet»  after  riveting,  is  nearly  half  a  square  inch. 
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I  to  1  inch  and  occasionally  1^  inch  in  diameter.  The  rivet  holes 
in  first-lass  work  are  now  frequently  bored  out  with  drilling 
machines,  so  as  to  avoid  the  weakening  effect  of  punching  on  the 
plates.  The  great  majority  of  girder-work,  however,  will  probably 
always  be  done  by  the  punch,  as  it  does  not  pay  to  have  the  holes 
drilled  unless  in  large  girders  where  there  are  frequent  repetitions 
of  the  same  pattern  (495).  The  following  table  shows  the  usual 
practice  in  boiler-work. 

TABLE  II. — ^RuLis  roB  Boileb  RiTsmro. 


Thickness 

of 

plate. 

Dlsmeter 

of 

rivet 

Length  of 

rivet 
from  heed. 

Central 

distance  of 

riveta 

(Pitch). 

Iiq>in 
■Ingle 
Joints. 

Lap  in 
doable 
Jointa 

Equivalent 

length  of 

head. 

( 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

A  =  '19 

i    =    -38 

i 

IJtoU 

H 

2* 

}  =  -26 

1    =    -60 

u 

litol} 

H 

2J 

A  =-81 

i    =    -63 

i» 

litoll 

li 

n 

i  =-88 

I    =    -76 

i{ 

Uto2i 

2i 

»i 

i  =  -60 

if=    -81 

24 

2ito2i 

21 

81 

A  =  -66 

I    =    -88 

Si 

2ito2i 

2i 

*i 

i  =-68 

«=    -94 

21 

21to2| 

2f 

*i 

«="69 

1      =1-00 

8 

2}  to  8 

8 

6 

1  =  75 

IJ    =1-18 

81 

3   to^ 

8i 

61 

Nan. — ^The  equivalent  length  of  head  given  in  the  last  oolunn  is  intended  for  bat 
heads,  sach  as  are  nsoal  in  boilers,  but  if  the  rivets  have  cup  heads  like  those  in 
Fig.  117,  as  is  usual  in  girder- work,  the  equivalent  length  of  head  must  be  about 
one-luJf  more  than  the  amount  given  in  the  last  column.  The  pitch  in  girder-woijc 
is  generally  from  once  and  a-half  to  twice  that  in  column  4. 

The  boiler-maker'8  rule  is  nearly  as  follows: — For  plates  less 
than  half  an  inch  thick,  the  diameter  of  the  rivet  =  twice  the 
thickness  of  the  plate.  For  plates  more  than  half  an  inch  thick^  the 
diameter  of  the  rivet  =  once  and  a  half  the  thickness  of  the  plate. 
The  pitch  of  single  joints  =  2|  to  3  diameters,  and  that  for  double 
joints  =  3^  to  4  diameters  of  the  rivet.  The  lap  for  single  joints  = 
3  diameters,  and  that  for  double  joints  =  5  diameters  of  the  rivet. 
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Lloyd^B  rules  for  the  dimensions  of  rivets  in  ship-building  are  as 
follows : — 

TABLE  ELL— Lloyd's  Bulm  vob  Ship  Bnmnro. 


Thickness  of  Flfttes 
in  inches, 

A 

A 

A 

A 

A 

is 

H 

if 

if 

if 

if 

if 

Rireta  to  be 
^  of   an  inch 
Uxgeee  in  dia- 
meter   in    the 
item,  stetn-post 
•adkeaL. 

Diameter  of  Rirets 
in  inches, 

1 

1 

i 

1 

**  The  rivets  not  to  be  nearer  to  the  butts  or  edges  of  the  plating, 
lining  pieces  to  butts,  or  of  any  angle  iron,  than  a  space  not  less 
than  their  own  diameter,  and  not  to  be  farther  apart  from  each 
other  than  four  times  their  diameter,  or  nearer  than  three  times 
their  diameter,  and  to  be  spaced  through  the  frames  and  outside 
plating,  and  in  reversed  angle  iron,  a  distance  equal  to  eight  times 
their  diameter  apart.  The  overlaps  of  plating,  where  double 
riveting  is  required,  not  to  be  less  than  five  and  a  half  times  the 
diameter  of  the  rivets;  and  where  single  riveting  is  admitted,  to 
be  not  less  in  breadth  than  three  and  a  quarter  times  the  diameter 
of  the  rivets."  The  Liverpool  rules  differ  somewhat  from  Lloyd's 
and  are  as  follows : — 


TABTiK  IV.- 

-LiTlBFOOL  BUXAS 

VOB 

Ship  Bivamra 

1, 

ThicknesB  of  Plates  in 
inches, 

A 
If 

s 

9 

A 

if 

24 
8f 

8 

114 

A 

if 

21 
8| 

8 

114 

A 

A 

If 

if 
if 

114 

16 

if 

if 

114 

16 

if 

if 

6i 

121 

17 

if 
if 

6 

18 
18 

if 

if 

Diameter  of  Bivets  in 
inches, 

2f 

10 
184 

if 

10 
184 

if 
a 

lOf 

16 

if 

6i 

181 
19 

if 

61 

1*4 
20 

Breadth  of  lap  in  seams 
in  inches, 
Single-riyeting,    • 

Double-iiveting,  • 

Breadth  of  butt  strips 
Doable-riveting^  • 

Treble-riveting,   • 
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**  Rivets  to  be  four  diameters  apart,  from  centre  to  centre,  longi- 
tudinally in  seams  and  yertically  in  butts,  except  in  the  butts  where 
treble  riveting  is  required,  where  the  rivets  in  the  row  farthest 
from  the  butt  may  be  spaced  eight  diameters  apart,  centre  to  centre. 
Rivets  in  framing  to  be  eight  times  their  diameter  apart,  from 
centre  to  centre,  and  to  be  of  the  size  required  in  the  above  table. 
All  double  or  treble  riveting  in  butts  of  plates  to  be  in  parallel 
rows,  or  what  is  termed  chain  riveting.  It  is  recommended  that 
the  necks  of  all  rivets  be  bevelled  under  the  head  so  as  to  £11  the 
countersink  made  in  punching,  and  their  heads  should  be  no  thicker 
than  two-thirds  the  diameter  of  the  rivet."  It  will  be  observed 
that  the  pitch  may  be  one-third  as  great  again  in  water  as  in 
steam  joints. 

The  term  "chain-riveting"  is  applied  to  riveting  in  several 
transverse  rows,  the  rivets  being  placed  longitudinally  one  behind 
the  other  like  the  links  of  a  chain.  It  merely  means  that  both  the 
longitudinal  and  transverse  rows  of  rivets  form  stnught  lines,  in 
place  of  the  rivets  being  zigzag. 

469.  Adhcflloii  oflron  and  copper  bolts  to  wood — Strenirtli 
of  clenehe«  and  Ibrelodui. — The  shearing  strength  of  oak 
treenails  has  been  already  given  in  897.  The  two  following  tables 
are  also  the  results  of  Mr.  Parson^s  experiments.*  "  The  first  of 
these  tables  exhibits  the  adhesion  of  iron  and  copper  bolts,  driven 
into  sound  oak,  with  the  usual  drift,  not  clenched,  and  subject  to 
a  direct  tensile  strain.  By  drift  is  meant  the  allowance  made  to 
insure  sufficient  tightness  in  a  fastening ;  it  is  therefore  the  quantity 
by  which  the  diameter  of  a  fastening  exceeds  the  diameter  of  the 
hole  bored  for  its  reception." 

*  Murray  on  Shipbuilding,  p.  94. 
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TABLE  v.— Tabli  of  thi  Adhisiov  of  Ibon  and  Coffib  Boltb  dbivbh  ivto 

BOUND  Oak  with  THB  usual  DBIFT,  KOT  CLINdHSD,  AND  8UBJXCTSD  TO  A  DIBBOT 
TBN8ILB  8TBAIN. 


Diameter 
of  the 
Bolt. 

Number 

of  the 

experiment. 

Iron. 

Copper. 

Length  of  the  Bolt  driven  into  the  Wood. 

M^XMmtm 

Four 
inches. 

Six 
inches. 

Foot 
InchesL 

Six 
inches. 

inchea. 

1 

tons.     cwts. 
1           13 

tons.     cwts. 

tons.      cwts. 
0          181 

tons.      cwts. 

1 

2 
8 

2            0 
2            2 

0          18 
0          19 

4 

1          13 

0           18 

' 

1 

2            6 

■    2          12 

1            7 

2            2 

i 

2 
8 

2            4 
2            4 

2          11 
2          16 

1            8 
1          10 

2            2 
2            2 

4 

2            0 

2          10 

1          13 

2        ■    0 

1 

8            2 

8          12 

2          10 

2          15 

i 

2 

• 

3 

8            4 
8            0 

4           0 

4           0 

1  17 

2  2 

8          10 
8            1 

4 

2          10 

4            0 

2            5 

2    .     15 

' 

1 

8            2 

5            5 

8            0 

4            5 

1 

2 
3 

8            0 
8            1 

4            8 
4            8 

8            6 
8            6 

3          18 
8          15 

4 

8           1 

6           0 

2            9 

3            5 

' 

1 

8            3 

6           0 

8          10 

5            5 

i 

2 
8 

3            2 
8          10 

6            0 
5            0 

8          10 
8          10 

5            5 
5            8 

1 

4 

8          10 

6            0 

8          18 

4          18 

' 

1 

4          10 

6            2 

4           0 

4          13 

i 

2 
8 

5          12 
8          10 

5  10 

6  11 

4           0 
4            5 

4          13 
4          19 

J* 

4 

4          10 

6            4 

4           2 

4          19 
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TABLE  y.-— Table  of  tee  Adhisioh  of  Ibov  avd  Coffkb  Bolts  Duvmr  into 
BOUND  Oak  with  thi  usual  Dbett,  not  csMnoaxD,  avd  bubjbotid  to  a  dibnot 
TBNSILN  STBAIN — conHnued, 


Diamttar 

of  the 

Bolt 

Number 

of  the 

ezperimflDt 

Iron. 

Copper. 

Length  of  the  Bolt  drlTen  into  the  Wood. 

Foot 
inches. 

8U 
Incheft. 

Four 
Indiee. 

SU 
bichea. 

inoheB. 
1 

1 
2 
8 
4 

tons.     cwti. 
5            0 

4           7 

4          11  ' 

4           0 

tons.    cwti. 

7  2 

8  1 

6  5 

7  0 

tons.     cwts. 
4            2 

4           8 

8          15 

4          10 

toDB.     cwts. 

5  19 

6  0 
6            6 
6            0 

'*  In  Riga  fir  the  adhesion  was,  on  an  average,  about  one-third 
of  that  in  oak,  and  in  good  sound  Canada  ekn  it  was  about  three- 
fourths  of  that  in  oak. 

"  The  following  table  exhibits  the  strength  of  clenches  and  of 
forelocks  as  securities  to  iron  and  copper  bolts,  driven  six  inches, 
without  drift,  into  sound  oak,  either  clenched  or  forelocked  on 
rings,  and  subjected  to  a  direct  tensile  strain.  It  gives  the 
diameter  of  the  bolt  on  which  the  experiment  was  made,  as  well  as 
the  number  of  the  experiment: — 

TABLE  VI.— Table  of  tbb  Stbbnoth  of  Clenohbs  and  of  Fobblooks,  ab 

BXOUBITIBB  TO  IbOK  AND  COPFBB  BOLTB^  DBIYEN  BIX  DTCHIS,  WITHOUT  DbIFT, 
INTO  BOUND  Oak,  BITHBB  OLBNOHBD  OB  FOBBLOOKID  OH  RiNQB,  AND  SUBJECTED 
TO  A  DIBECT  TENSILE  BTBAIN. 


Diameter 
of  the  Bolt 

Number  of  the 
experiment. 

Iron. 

Copper. 

Clench. 

Forelock. 

Clench. 

Forelock. 

inch. 

i 

1 
2 
8 
4 

tons.     cwts. 
1           16 
1           IS 
1            9 
1            9 

tons.     cwti. 
0          16 
0          14 
0          20 
0          18 

tons.    cwts. 
1            0 

0  19 

1  0 
1            0 

tons.    cwts. 
0           8 
0            8 
0           7 
0           6 
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TABLE  VL— Tabu  of  Tfli  Stbivoth  of  CuaroHBB  ahd  of  Fosilocks,  as 
BEOUBirm  TO  Iboh  abtd  Copfbb  Bourn,  dbivxn  six  nroHxs,  without  Pbdtt, 
INTO  bound  Oak,  bithnb  glbnohkd  ob  fobblooked  on  Binos,  and  bubjbotbd 

TO  A  DIBBOff  TENtSILE  STBAIN — wntinwd. 


DUmotar 
of  the  Bolt. 


Namber  of  the 
experiment 


Iron. 


Clench. 


Forelock. 


Copper. 


Clench. 


Forelock. 


inch. 


1 


i 


i 


I 


2 
8 
4 
I 
2 
8 
i 
1 


4 
1 
2 
8 
4 
1 
2 
8 
4 
1 
2 
8 
4 


tonflL    cwts. 


8 


8 

0 

2 

16 

2 

16 

4 

15 

4 

10 

4 

5 

4 

12 

5 

18 

6 

8 

6 

8 

6 

0 

7 

10 

7 

10 

8 

0 

8 

15 

11 

11 

11 

15 

8 

11 

8 

6 

12 

0 

12 

8 

11 

8 

11 

1 

tons.    cwts. 


1 

1 

1 

2 

2 

2 

2 

8 

8 

8 

8 

8 

8 

8 

8 

5 

5 

4 

4 

5 

6 

5 

5 


15 
8 
9 

14 

11 

15 

10 

12 

15 

6 

0 

7 

10 

15 

10 

15 

1 

10 

6 

15 

18 

18 

12 

2 


tons. 

cwts. 

toi 

2 

10 

2 

10 

2 

5 

2 

9 

8 

10 

8 

15 

4 

4 

6 

5 

6  . 

5 


8 


0 

10 

0 

15 

5 

10 

0 

0 

5 

8 

16 

16 

12 

5 

1 

1 

14 

14 


tons.    cwts. 


0 

2 

4 

18 

18 

4 

16 

18 

10 

16 

10 


2 
1 
2 
2 
2 
2 
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''  In  the  experiments  on  the  clenches,  the  clenches  always  gave 
way;  but  with  the  forelocks  it  as  frequently  occurred  that  the 
forelock  was  cut  off  as  that  the  bolt  broke ;  and  in  the  cases  of  the 
bolt  breaking,  it  was  invariably  across  the  forelock  hole.  Accord- 
ing to  the  tables,  the  security  of  a  forelock  is  about  half  that  of 
a  clench.  It  appears  an  anomaly  that  the  strength  of  a  clench  on 
copper  should  be  equal  to  that  of  one  on  iron.  But,  in  con- 
sequence of  the  greater  ductility  of  copper,  a  better  clench  is 
formed  on  it  than  on  iron.  Generally  the  thickness  of  the  fractured 
clench  in  the  copper  was  double  that  in  the  iron.  With  rings  of 
the  usual  width  for  the  clenches,  the  wood  will  break  away  under 
the  ring,  and  the  ring  be  imbedded  for  two  or  more  inches  before 
the  clench  will  give  way.  With  the  inch  copper-bolts,  all  the 
rings  under  the  clenches  turned  up  into  the  shape  of  the  frustrum 
of  a  cone,  and  allowed  the  clench  to  slip  through  at  the  weights 
specified. 

''Experiments  with  ring-bolts  were  made  to  ascert^n  the 
strength  of  the  rings  in  comparison  with  the  clenches.  The  rings 
were  of  the  usual  size,  viz. :  the  iron  of  the  ring  one-eighth  inch 
less  in  diameter  than  that  of  the  bolt.  It  was  found  that  the 
rings  always  carried  away  the  clenches,  but  that  they  were  drawn 
into  the  form  of  a  link  with  perfectly  straight  sides.  The  rings 
bore,  before  any  change  of  form  took  place,  not  quite  one-half  the 
weight  which  tore  off  the  clenches.  It  appears  that  the  rings  are 
well  proportioned  to  the  strength  of  the  clenches.*' 

469.  AdhemUm  of  nalki  and  wood-serew«. — "  The  following 
abstract  of  Mr.  Sevan's  experiments  exhibits  the  relative  adhesion 
of  nails  of  various  kinds,  when  forced  into  dry  Christiana  Deal,  at 
right  angles  to  the  gnun  of  the  wood."* 

♦  TredgdUPi  OvrpenJbry,  p.  189. 
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TABLE  VII. — ^ADHmoH  of  Nails  of  vabioub  kinds  iir  Bbt  CHBisnAifA  Dial. 


XInd  of  NaiU. 

Number  to  the 

poand 
avolrdapoli. 

Inches  long. 

Inches 

forced  Into 

the  wood. 

Ponnds 

required  to 

estrect. 

Fine  sprigs, 

4,560 

0-44 

0-0 

22 

Ditto, 

8,200 

0-53 

0-44 

87 

Threepenny  brads. 

618 

1-26 

0-50 

58 

Cast-iron  nails,  - 

880 

1-00 

0-50 

72 

Sixpenny  nails,  • 

78 

2-50 

1-00 

187 

Ditto, 

— 

— 

1-50 

827 

Ditto, 

— 

2-00 

580 

Fivepenny, 

189 

200 

1-60 

820 

*'  The  force  required  to  draw  tbe  same  sized  nail  from  different 
woods  averaged  as  under: — 

TABLE  vni.— Belatiyi  Adhisiov  of  bamb  Nail  im  diffebut  Woods. 


Kind  of  Wood. 


Weight  in  TbB.  required 

to  draw  a  sixpenny 

nail,  driven  in 

one  inch. 


Diy  Christiana  deal, 

Diyoak,  -  -  -  - 

Diy  elm,  -  -  -  - 

Dry  beech,  -  -  - 

Green  sycamore,  •  -  - 

Dry  Christiana  deal,  dri7en  in  endways, 
Dry  elm,  driven  in  endways, 


187  lbs. 

607  „ 

827  „ 

667  „ 

812  „ 

87  „ 

257  „ 


'*  It  was  further  desirable  to  ascertain  the  degree  of  dependence 
that  might  be  placed  on  nailing  two  pieces  together,  and  Mr.  Bevan 
kindly  undertook  to  make  some  trials.  Two  pieces  of  Christiana 
deal,  seven-eighths  of  an  inch  thick,  were  nailed  together  with  two 
sixpenny  nails ;  and  a  longitudinal  force  in  the  plane  of  the  joint, 
and  consequently  at  right  angles  to  the  direction  of  the  nails,  was 
applied  to  cause  the  joint  to  slide;  it  required  a  force  of  712  fibs., 
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and  the  time  was  15  minutes ;  the  nails  cmrved  a  little  and  were 
then  drawn.  Another  experiment  was  made  in  the  same  manner 
with  dry  oak,  an  inch  thick,  in  which  the  force  required  was 
1,009 lbs.;  the  sixpenny  nails  curved,  and  were  drawn  by  that 
force.  Dry  sound  ash,  an  inch  thick,  joined  in  the  same  manner 
by  two  sixpenny  nails,  bore  1,220  fibs.  30  minutes  without  sennbly 
yielding;  but  when  the  stress  was  increased  to  1,420 fibs,  the  pieces 
separated  with  an  easy  and  gradual  slide ;  curving  and  drawing  the 
nails  as  before,  one  of  which  broke. 

**  The  following  experiments  on  the  force  necessary  to  draw  screws 
of  iron,  commonly  called  wood  screws,  out  of  given  depths  of  wood, 
were  made  by  Mr.  Bevan.  The  screws  he  used  were  about  two 
inches  in  length,  -^  diameter  at  the  exterior  of  the  threads,  -^j^ 
diameter  at  the  bottom,  the  depth  of  the  worm  or  thread  being 
tMiT)  ^^^  ^^®  number  of  threads  in  one  inch  =  12.  They  were 
passed  through  pieces  of  wood,  exactly  half  an  inch  in  thickness, 
and  drawn  out  by  the  weights  stated  in  the  following  tables: — 

TABLE  IX. — Rblativb  Adhesion  of  Sobxwb  in  diffsbint  Woods. 


Kind  of  Wood. 


Weight  required  to 

draw  oat  terews 

pMted  through  faalf- 

inch  boards. 


Diy  beech. 
Ditto  dittos 
Diy  aomid  aah, 
Diyoak,  • 
Diy  mahogany, 
Diy  elm,  - 
Diy  sycamore^ 


460  VbB. 

790  „ 

790  „ 

760  „ 

770  „ 

666  ., 

880  „ 


'*  The  weights  were  supported  about  two  minutes  before  the 
screws  were  extracted.  He  found  the  force  required  to  draw 
similar  screws  out  of  deal  and  the  softer  woods  about  half  the 
above. 

*'  The  force  necessary  to  cause  pieces  screwed  together  to  slide 
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at  the  joinings  was  also  determined;  the  pieces  being  joined  by 
two  screws ;  the  resultant  of  the  force  coinciding  with  the  plane  of 
the  joint,  and  in  line  with  the  places  of  the  screws.  With  Chris- 
tiana deal,  seven-eighths  of  an  inch  thick,  joined  by  two  screws 
one  and  five-eighths  of  an  inch  in  length,  and  five-fortieths  of  an 
inch  in  diameter  within  the  worm,  a  load  of  1,009  fibs,  gradually 
applied  broke  both  the  screws  at  the  line  of  joint,  after  elongating 
the  interior  of  the  hole  and  sliding  about  six-tenths*  With  very 
dry  seasoned  oak,  1  inch  thick,  two  screws  one  and  five-dghths 
long,  and  six-fortieths  diameter  within  the  thread,  bore  1,009  fibs, 
for  ten  minutes  without  any  signs  of  yielding:  with  1,137  lbs.  both 
screws  broke  in  two  places;  each  screw  about  two-tenths  of  an 
inch  within  each  piece  of  wood ;  the  holes  were  a  little  elongated. 
With  dry  and  sound  ash,  1  inch  thick,  with  screws  2^  inches 
long,  passing  one  quarter  of  an  inch  through  one  of  the  pieces,  the 
diameter  at  bottom  of  the  worm  seven-fortieths ;  the  load  began 
with  was  1,224  fibs. ;  gradually  increased  for  two  hours  to  2,661  fibs. ; 
they  produced  a  slow  and  moderate  sliding,  not  separation,  the 
screws  being  neither  drawn  nor  broken;  but  probably  would,  if 
not  removed  on  account  of  night  coming  on,  and  putting  an  end  to 
the  experiment." 


2  H 
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CHAPTER  XXVIII. 

WORKING  STRAIN  AND  WORKING  LOAD. 

490.  WorklBff  straiii — ^FAtlyoc — Proof  stratai — ^Enclftih 
role  fbr  working  strain — CoeAcieot  of  safety. — The  work- 
ing strain  is  the  strain  to  which  any  material  is  subject  in  actual 
practice,  but  the  term,  unless  accurately  defined,  is  somewhat 
ambiguous,  as  it  is  applied  to  strains  which  the  material  sustains 
on  rare  occasions  from  extraordinary  loads,  as  well  as  to  those  to 
which  it  is  liable  in  ordinary  every-day  use.  For  instance,  a 
railway  girder  may  sustain  a  constant  strain  of  3^  tons  per  square 
inch  from  the  permanent  bridge-load,  which  rises  to  4^  tons  when 
an  ordinary  train  passes,  but  reaches  a  maximum  of  5  tons  with  a 
train  of  the  greatest  possible  density,  such  as  locomotives ;  or  again, 
the  chains  of  a  suspension  bridge  may  sustain  only  2^  tons  per 
square  inch  from  the  permanent  or  dead  weight  of  the  structure, 
while  a  dense  crowd  of  people  may  occasionally  raise  this  to  6  tons 
per  square  inch.  In  such  cases  we  have  three  classes  of  strains. 
1^.  The  permanent  strain,  due  to  the  permanent  or  dead  weight 
of  the  structure  itself,  and  from  which  the  material  suffers  what 
has  been  termed  fatigue.  2®.  The  ordinary  working  strain,  due  to 
ordinary  live  loads  added  to  the  dead  weight  of  the  structure. 
3^.  The  maximum  working  strain,  due  to  the  greatest  load  possible 
in  practice  added  to  the  dead  weight  of  the  structure,  and  it  is 
this  latter  maximum  strain  which  defines  the  strength  of  any 
structure,  and  which  therefore  we  have  to  consider  in  this  chapter. 
The  proof  load  of  a  bridge  is  generally  equal  to  the  greatest  load 
possible  in  practice,  but  the  proof  strain  of  separate  parts  of  a 
structure,  such  as  the  individual  links  of  a  suspension  bridge,  is 
frequently  50  per  cent,  over  their  intended  maximum  working 
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strain  when  in  the  stracture.  As  might  have  been  anticipated, 
different  opinions  are  held  respecting  the  safe  nnit-strain  for  each 
kind  of  material.  English  practice  generally  makes  the  working 
strain  some  snb-multiple  of  the  tearing  or  crashing;  strength  of  thft 
material,  while  General  Morin  and  others  recommend  the  working 
strain  to  be  such  that  the  resulting  alteration  of  length  shall  in  no 
case  exceed  one-half  that  which  corresponds  to  the  limit  of  elasticity. 
Neither  rule  should  be  adopted  to  the  exclusion  of  the  other,  but 
as  we  know  the  limit  of  elasticity  of  but  few  materials  (in  fact  only 
wrought-iron  and  steel),  and  as  those  which  are  not  ductile  seem 
to  have  no  very  definite  limit  at  all  (see  Chap.  XVTII.),  the 
common  English  rule  seems  more  generally  applicable,  and  it  has 
the  sanction  of  extensive  experience  in  its  favour.  The  term 
factor,  or  coefficient  of  safety  is  applied  to  the  ratio  of  the 
breaking  to  the  working  strain.  If,  for  instance,  the  tearing 
inch-strain  of  plate-iron  is  20  tons,  and  the  working  inch-strain 
5  tons,  the  coefficient  of  safety  will  be  4. 

CAST-IRON. 

491.  Klfoet  of  Ions  coBtlnaed  preMure  ob  east-iron  pillars 
and  bars. — To  determine  the  efi*ect  of  long  continued  pressure 
upon  cast-iron.  Sir  Wm.  Fairbaim  had  four  pillars  cast  of  Low-Moor 
iron ;  the  length  of  each  was  6  feet,  and  the  diameter  1  inch,  and 
they  were  rounded  at  the  ends.  The  first  was  loaded  with  4  cwt., 
the  second  with  7  cwt.,  the  third  with  10  cwt.,  and  the  fourth  with 
13  cwt.  These  weights  are  respectively  30,  52,  75,  and  97  per 
cent,  of  the  weight  which  had  previously  broken  another  pillar  of 
the  same  dimensions  when  the  weight  was  carefully  laid  on  without 
loss  of  time.  The  pillar  loaded  with  13  cwt.  bore  the  weight 
between  five  and  six  months  and  then  broke ;  that  loaded  with  10 
cwt.  was  increasing  slightly  in  flexure  at  the  end  of  three  years ; 
when  first  taken  its  deflection  was  *230  inch,  and  after  each 
succeeding  year  it  was  '380,  '380,  and  '409.  The  other  pillars, 
though  a  little  bent,  did  not  alter.  In  these  experiments  we  see 
that  a  cast-iron  pillar  bore  a  steady  load  of  one-half  its  breaking 
weight  for  three  years  without  alteration,  while  the  deflection  of 
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another  pillar  with  three-fourths  of  its  breaking  weight  was  in- 
creasing slightly  at  the  end  of  the  same  period.* 

To  ascertain  how  far  cast-iron  bars  might  be  trusted  with  per- 
manent loads,  Sir  Wm.  Fairbaim  made  the  following  experiments 
also : — '^  He  took  bars,  both  of  cold  and  hot  blast  iron  (Coed  Talon, 
No.  2),  each  5  feet  long,  and  cast  from  a  model  1  inch  square ;  and 
having  loaded  them  in  the  middle  with  different  weights,  with 
their  ends  supported  on  ptops  4  feet  6  inches  asunder,  they  were 
left  in  this  position  to  determine  how  long  they  would  sustain  the 
loads  without  breaking.  They  bore  the  weights,  with  one  excep- 
tion, upwards  of  five  years,  with  small  increase  of  deflection,  though 
some  of  them  were  loaded  nearly  to  the  breaking  point."  After 
that  time,  however,  less  care  was  taken  to  protect  them  from 
accident,  and  three  others  were  found  broken.  They  were  examined, 
and  had  their  deflections  taken  occasionally,  which  are  set  down  in 
the  following  Table,  which  contains  the  exact  dimensions  of  the 
bars,  with  the  load  upon  each.f 

*  ExperifnerUal  Reaearchet  by  E.  Hodgkinaon,  p.  851. 
t  Idem,  p.  374. 
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TABLE  I.— EzPEBDiEirTS  on  the  STimroTH  or  OAcnslBOH  Babs  to  Bxsibt  Loitg- 

ooNTiKxnED  Tbaitbyebbe  Straih. 


Date  of 
observation. 


^    is 


H 

pa 


3"-" 


2 


ill 
I 


8?9 
"S     SI 

III 
t 


§•« 


1837. 
Mar.     6 
9 
11 
17 

April  15 
May  31 
Aug.  22 
Nov.   18 

1838. 
Jan.      8 
Mar.   12 
June   23 

1839. 
Feb.      7 
July      5 
Nov.     7 
Dec.      9 

1840. 
Feb.  14 
April  27 
June  6 
Aug.  3 
Sept.   14 

1841. 
Nov.    22 

1842. 
April  19 


Fah. 


50<» 
6S^ 


490 


470 

62° 
70<» 
46® 

88<> 
51° 

78° 

540 
720 
60^ 
39° 

50°  I 

6I0 
740 

550 


Deflections  with 

a  permanent 

load  of  280  lb«. 

laid  npon  eanh. 


Deflections  with 

a  permanent 

load  of  886  Ibi. 

laid  npon  each. 


Deflections 

with  a  perma- 

nent  load  of 

899  Om.  laid 

npon  each. 


Deflections 
with  a  perma- 
nent load  of 
448  lbs.  laid 
npon  each. 


•916 
•930 


-980 
-932 
•987 
-942 

-941 
•945 
•963 

•950 
•959 
•955 
•956 

•956 
•954 
•951 
•958 
♦1-047 

1^045 


1-048 
1-064 


1-078 
1-082 
1086 
1083 

1-086 
1-091 
1-107 

1-098 
1-104 
1-102 
1-102 

1-104 
1-116 
1112 
1-115 
1-115 

1-115 


1-267 
1-270 
1-270 


1-271 

1-274 
1-288 
1-286 

1-288 
1-298 
1-316 

1-298 
1-305 
1-803 
1-303 

1-305 
1-309 
1-303 
1-305 
1-305 

1-306 

1-308 


1 
1 
1 
1 

1 
1 
1 
1 
*1 

1 

1 


454 
461 


475 

481 
504 
499 

502 
506 
538 

524 
583 
531 
531 

531 
619 
520 
523 
613 

620 

620 


1-684 
1-694 
1-694 


1-716 
1-725 
1-737 
1-724 

1-722 
1-801 
1-824 

1-815 
1-824 
1-824 
1-823 

1-824 
1-818 
1-825 
1-826 
1-826 

1*829 

1-828 


1-715 
1-758 
1-760 


1-767 
r775 
1-783 
1-773 

1-773 

1-784 
1-803 

1-784 
1^798 
1-796 
1-796 

1-797 
1-802 
1-798 
1-801 
1-802  I 

1-804 

1-812 


1-964 

1-410 

2-005 

1-413 

2-005 

1-413 

2-010 

1-413 

2-014 

1-422 

Broke 
after 
bear- 
ing the 
weight 
87  days 

1-424 
1-438 
1-431 

1-430 

1-439 

1-457 

1-483 

1-446 

1-445 

1-445 

1-446 

1-445 

1-445 

1-447 

1-447 

1-449 

1*449 

iThis  broke  with 
j  892  tba. ;  other 
j  hot  blast  bars 
were  tried,  but 
they  were  suc- 
eeaslTely  bro- 
ken with  448 
lbs. 


On  these  experiments  Mr.  Hodgkinson  made  the  following 
observations : — "  Looking  at  the  results  of  these  experiments,  and 
the  note  npon  the  first  and  fourth,  it  appears  that  the  deflection 
in  each  of  the  beams  increased  considerably  for  the  first  twelve  or 


*  After  August  3, 1840,  a  body  Beems  to  have  fallen  upon  the  bars  of  the  1st  and 
4ih  Experiment,  and  this  may  have  increased  their  defleotions. 
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fifteen  months ;  after  which  time  there  has  been,  usnallj,  a  smaller 
increase  in  their  deflections,  though  from  four  to  five  years  have 
elapsed.  The  beam  in  experiment  8,  which  was  loaded  nearest  to 
its  breaking  weight,  and  which  would  have  been  broken  by  a  few 
additional  pounds  laid  on  at  first,  had  not,  perhaps,  up  to  the  time 
of  its  fracture,  a  greater  deflection  than  it  had  three  or  four  years 
before ;  and  the  change  in  deflection  in  Experiment  1,  where  the 
load  is  less  than  frds  of  the  breaking  weight,  seems  to  have  been 
almost  as  great  as  in  any  other ;  rendering  it  not  improbable  that 
the  deflection  will,  in  each  beam,  go  on  increasing  till  it  becomes  a 
certain  quantity,  beyond  which,  as  in  that  of  Experiment  8,  it  will 
increase  no  longer,  but  remain  stationary  (410).  The  unfortunate 
fracture  of  this  last  beam,  probably  through  accident,  has  left  this 
conclusion  in  doubt."  Mr.  Hodgkinson  inferred  from  these 
experiments  that  cast-iron  girders  might  be  safely  trusted  with 
one-third  of  their  breaking  weight.  This  conclusion,  however,  he 
seems  to  have  subsequently  modified,  when  a  member  of  the  Iron 
Commission  in  1849,  which  reported  in  favour  of  not  less  than 
one-sixth. 

499.  BflTeeto  of  loiig^«OBtbiaed  hnpaiti  and  ffk^egaeBt  d^ 
llectloDS  OB  east-lroB  bars. — The  Commissioners  appointed  to 
inquire  into  the  application  of  iron  to  railway  structures,  reported 
as  follows  on  the  effects  of  long-continued  impacts  and  frequent 
deflections  of  cast-iron  bars : — '*  A  bar  of  cast-iron,  3  inches  square, 
was  placed  on  supports  about  14  feet  asunder.  A  heavy  ball  was 
suspended  by  a  wire  1 8  feet  long,  from  the  roof,  so  as  to  touch  the 
centre  of  the  side  of  the  bar.  By  drawing  this  ball  out  of  the 
vertical  position  at  right  angles  to  the  length  of  the  bar,  in  the 
manner  of  a  pendulum,  to  any  required  distance,  and  suddenly 
releasing  it,  it  could  be  made  to  strike  a  horizontal  blow  upon  the 
bar,  the  magnitude  of  which  could  be  adjusted  at  pleasure  either 
by  varying  the  size  of  the  ball  or  the  distance  from  which  it  was 
released.  Various  bars  (some  of  smaller  size  than  the  above)  were 
subjected  by  means  of  this  apparatus  to  successions  of  blows, 
numbering  in  most  cases  as  many  as  4,000;  the  magnitude  of 
the  blow  in  each  set  of  experiments  being  made  greater,  or  smaller, 
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as  occasion  required.  The  general  result  obtained  was,  that  when 
the  blow  was  powerful  enough  to  bend  the  bars  through  one-half 
of  their  ultimate  deflection  (that  is  to  saj,  the  deflection  which 
corresponds  to  their  fracture  by  dead  pressure),  no  bar  was  able  to 
stand  4,000  of  such  blows  in  succession;  but  all  the  bars  (when 
sound)  resisted  the  effects  of  4,000  blows,  each  bending  them 
through  one-third  of  their  ultimate  deflection. 

''  Other  cast-iron  bars,  of  similar  dimensions,  were  subjected  to 
the  action  of  a  revolving  cam,  driven  by  a  steam-engine.  By  this 
they  were  quietly  depressed  in  the  centre,  and  allowed  to  restore 
themselves,  the  process  being  continued  to  the  extent,  even  in  some 
cases,  of  an  hundred  thousand  successive  periodic  depressions  for 
each  bar,  and  at  a  rate  of  about  four  per  minute.  Another  con- 
trivance was  tried  by  which  the  whole  bar  was  also,  during  the 
depression,  thrown  into  a  violent  tremor.  The  results  of  these 
experiments  were,  that  when  the  depression  was  equal  to  one-third 
of  the  ultimate  deflection,  the  bars  were  not  weakened.  This 
was  ascertained  by  breaking  them  in  the  usual  manner  with 
stationary  loads  in  the  centre.  When,  however,  the  depressions 
produced  by  the  machine  were  made  equal  to  one-half  of  the 
ultimate  deflection,  the  bars  were  actually  broken  by  less  than 
nine  hundred  depressions.  This  result  corresponds  with  and  con- 
firms the  former. 

*'  By  other  machinery,  a  weight  equal  to  half  of  the  breaking 
weight  was  slowly  and  continually  dragged  backwards  and  forwards 
from  one  end  to  the  other  of  a  bar  of  similar  dimensions  to  the 
above.  A  sound  bar  was  not  apparently  weakened  by  ninety-six 
thousand  transits  of  the  weight. 

''It  may,  on  the  whole,  therefore,  be  said,  that  as  far  as  the 
effects  of  reiterated  flexure  are  concerned,  cast-iron  beams  should 
be  so  proportioned  as  scarcely  to  suffer  a  deflection  of  one-third  of 
their  ultimate  deflection.  And  as  it  will  presently  appear,  that  the 
deflection  produced  by  a  given  load,  if  laid  on  the  beam  at  rest,  is 
liable  to  be  considerably  increased  by  the  effect  of  percussion,  as 
well  as  by  motion  imparted  to  the  load,  it  follows  that  to  allow  the 
greatest  load  to  be  one-sixth  of  the  breaking  weight,  is  hardly  a 
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sufficient  limit  for  safety  even  upon  the  supposition  that  the  beam 
is  perfectly  sound. 

**  In  wrought-iron  bars  no  very  perceptible  effeot  was  produced 
by  10,000  successive  deflections  by  means  of  a  revolving  cam,  each 
deflection  being  due  to  half  the  weight  which,  when  applied  stati- 
cally, produced  a  large  permanent  flexure. 

*'  Under  the  second  head,  namely,  the  inquiry  into  the  mechanical 
effects  of  percussions  and  moving  weights,  a  great  number  of  ex- 
periments have  been  made  to  illustrate  the  impact  of  heavy  bodies 
on  beams.  From  these,  it  appears,  that  bars  of  cast-iron  of  the 
same  length  and  weight  struck  horizontally  by  the  same  ball  (by 
means  of  the  apparatus  above  described  for  long-continued  impact), 
offer  the  same  resistance  to  impact,  whatever  be  the  form  of  their 
transverse  section,  provided  the  sectional  area  be  the  same.  Thus 
a  bar,  6x1^  inches  in  section,  placed  on  supports  about  14  feet 
asunder,  required  the  saqie  magnitude  of  blow  to  break  it  in  the 
middle,  whether  it  was  struck  on  the  broad  side  or  the  narrow  one, 
and  similar  blows  were  required  to  break  a  bar  of  the  same  length, 
the  section  of  which  was  a  square  of  three  inches,  and,  therefore, 
of  the  same  sectional  area  and  weight  as  the  first. 

"  Another  course  of  experiments  tried  with  the  same  apparatus 
showed,  amongst  other  results,  that  the  deflections  of  vrrought-iron 
bars  produced  by  the  striking  ball  were  nearly  as  the  velocity  of 
impact.  The  deflections  in  cast-iron  are  greater  than  in  proportion 
to  the  velocity. 

"  A  set  of  experiments  was  undertaken  to  obtain  the  effects  of 
additional  loads  spread  uniformly  over  a  beam,  in  increasing  its 
power  of  bearing  impacts  irom  the  same  ball  falling  perpendicularly 
upon  it.  It  was  found  that  beams  of  cast-iron,  loaded  to  a  certain 
degree  with  weights  spread  over  their  whole  length,  and  so  attached 
to  them  as  not  to  prevent  the  flexure  of  the  bar,  resisted  greater 
impacts  from  the  same  body  falling  on  them  than  when  the  beams 
were  unloaded,  in  the  ratio  of  two  to  one.  The  bars  in  this  case 
were  struck  in  the  middle  by  the  same  ball,  falling  vertically  through 
different  heights,  and  the  deflections  were  nearly  as  the  velocity 
of  impact"* 

*  Bep.  of  Iron  Com,^  p.  x. 


CHAP.  XXVIII.] 


WOBKING  LOAD. 


473 


498*  Worfciiiff  strain  of  east-Iron  f^irders — Rule  of 
Boaril  of  Trade — ^Workln^  strain  of  east-Iran  areiies — 
Freneh  mle — ^ProYlnfr  east-Iron. — The  reader  will  observe  that 
the  Commissioners  considered  one-sixth  of  the  breaking  strain 
hardly  a  sufficient  limit  of  safety  for  cast-iron  girders  when  liable 
to  percussion  and  deflection  from  moving  loads.  This  inference 
was,  no  doubt,  influenced  by  their  experiments  on  bars  which  were 
much  lighter  in  proportion  to  their  trial  loads  than  ordinary  bridge 
girders  are  compared  with  the  loads  which  traverse  them.  As  a 
general  rule,  one-sixth  of  the  breaking  strain  may  be  taken  as  the 
safe  working  strsdn  for  cast-iron  girders  which  are  liable  to  vibra- 
tion, as  in  railway  or  public  bridges,  but  when  the  load  is  stationary 
and  free  from  all  vibration,  such  as  water  tanks,  one-fourik  of  the 
breaking  strain  is  safe.  When,  however,  cast-iron  girders  are 
liable  to  sudden  severe  shocks,  as  in  crane  posts  or  machinery, 
their  working  strain  should  not  exceed  one-eighth  of  their  breaking 
strain.  The  railway  department  of  the  Board  of  Trade  has  laid 
down  the  following  rule  for  the  guidance  of  engineers  in  the  con- 
struction of  railways: — "  In  a  cast-iron  bridge  the  breaking  weight 
of  the  girders  should  be  not  less  than  three  times  the  permanent 
load  due  to  the  weight  of  the  superstructure,  added  to  six  times 
the  greatest  moving  load  that  can  be  brought  upon  it."  Notwith- 
standing this  rule,  engineers  will  do  well  not  to  design  cast-iron 
girders  for  railway  bridges  of  less  strength  than  six  times  the  total 
maximum  load,  that  is,  six  times  the  permanent  load  added  to  six 
times  the  greatest  moving  load.  The  reader  who  desires  detailed 
information  respecting  the  practice  of  our  most  eminent  engineers 
during  the  reign  of  cast-iron  is  referred  to  the  evidence  attached 
to  the  '^  Beport  of  the  Commissioners  appointed  to  inquire  into 
the  application  of  iron  to  railway  structures'*  in  1849.  It  seems 
certidn  that  the  transverse  strength  of  thick  rectangular  cast-iron 
bars  is  less  than  that  of  thin  ones  (139),  but  it  does  not  neces- 
sarily follow  that  the  strength  of  large  flanged  girders  is  diminished 
by  the  massiveness  of  the  casting,  or  that  they  are  relatively 
weaker  than  smaller  girders  of  similar  section,  for  the  quality  of  the 
iron  will,  no  doubt,  materially  influence  their  strength  (S485  S40). 
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Experiments  on  a  large  scale  can  only  decide  these  questions, 
which,  however,  have  less  importance  now  than  when  the  Iron 
Commission  sat  in  I849f  as  it  is  very  unlikely  that  large  cast-iron 
girders  will  be  employed  in  important  works  when  wrought-iron 
is  available. 

Cast-iron  can  be  readily  got,  on  specification,  to  stand  from  7^ 
to  9  tons  per  square  inch  in  tension;  consequently,  the  rule  of 
one-sixth  allows  an  inch-strain  of  irom  1^  to  1^  tons  for  the  usual 
safe  tensile  working-strain  in  the  lower  flanges  of  cast-iron  girders, 
but  this  material  is  quite  unfitted  for  tie-bars  for  the  reasons 
referred  to  in  MO  and  Ml.  Cast-iron  will  safely  bear  6  or  7  tons 
per  square  inch  in  compression,  provided  it  be  in  a  form  suited  to 
resist  flexure;  but  the  offsets  of  flexure  will  seriously  diminish  the 
safe  unit-strain  for  pillars  or  unbraced  cast-iron  arches,  in  which  the 
line  of  pressure  may  vary  so  as  to  alter  the  calculated  unit-strain 
very  materially,  perhaps  as  much  as  50,  or  even  100  per  cent.  In 
practice,  the  safe  working-strain  of  cast-iron  arches  rarely  exceeds  3 
tons  per  square  inch.  For  instance,  the  calculated  working  strain 
in  the  Severn  Valley  Bridge  carrying  the  Coalbrookdale  Bailway, 
200  feet  span  and  20  feet  rise,  is  between  2^  and  3  tons  per  square 
inch,*  while  that  of  the  centre  arch  of  Southwark  Bridge,  240 
feet  span,  is  about  2  tons  per  square  inch. 

The  French  ministerial  limit  of  working  strain  for  cast-iron  in 
tension  is  one  kilogramme  per  square  millimetre  (=  0*635  tons 
per  square  inch),  and  in  compression  five  kilogrammes  per  square 
millimetre  (=  3*175  tons  per  square  inch),  and  the  following 
table,  prepared  by  M.  Poir^e,  en^neer  of  Fonts  et  Chaussees, 
illustrates  some  of  the  best  French  practice  in  cast-iron  arches.t 

•  Proe.  Inst.  C,  E,,  VoL  xxvii.,  p.  109. 
t  Morin's  Bitittance  da  MatiriauXf  p.  114. 
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The  direct  tensile  strength  of  cast-iron  may  be  tested  in  the 
manner  described  in  488,  but  it  is  also  usual  to  prove  its  trans- 
verse strength  by  breaking  small  rectangular  bars  made  of  the 
same  metal  and  at  the  same  time  as  the  principal  castings.  The 
following  tests  were  applied  in  the  case  of  the  cast-iron  sleepers 
provided  for  the  Oreat  Indian  Peninsula  Kailway.  '^  The  mixture 
of  metal  is  to  be  such  as  will  produce  the  strongest  and  toughest 
castings,  and  is  to  be  approved  as  such  by  the  consulting  engineer. 
The  contractor  must  cast  twice  each  day,  from  the  same  metal  as 
that  used  in  the  sleepers,  two  duplicate  bars  3'  6"  X  2"  x  1", 
and  two  duplicate  castings  of  the  form  shown  on  the  contract 
drawing,  and  exactly  V  square  for  a  length  of  1^^^  in  the  middle. 
One  of  the  two  bars  must  be  tested  on  edge,  on  bearings  3  feet 
apart,  by  placing  weights  on  the  centre  thereof,  to  ascertain  its 
elasticity  and  breaking  weight;  and  one  of  the  two  castings  must 
be  tested  in  a  suitable  machine  of  approved  construction  to  ascer- 
tain the  tensile  strength  of  the  iron.  The  company's  inspector 
will  reject  all  sleepers  cast  on  any  day  when  each  of  the  bars  will 
not  bear  30  cwt.  placed  on  the  centre  without  breaking,  or  when 
each  bar  does  not  deflect  at  least  0*29  of  an  inch  before  fracture, 
and  when  each  casting  will  not  bear  a  tensional  strain  of  11^  tons 
per  square  inch  of  section.  Three  sleepers  will  also  be  tested  each 
day  by  a  weight  of  3|  cwt.  falling  through  5'  6",  the  same  having 
previously  been  subjected  to  blows  from  the  same  weight  falling 
through  2'  0^  2'  6'',  3'  0",  3'  6",  4'  0",  4'  6",  and  5'  0"  sue- 
cessively  after  the  sand  foundation  (which  shall  not  be  more  than 
24  inches  thick  under  the  centre  of  the  sleeper  and  laid  on  a  cast- 
iron  bed  plate  8  inches  thick,  and  weighing  2  tons,)  has  been  well 
consolidated  to  the  satisfaction  of  the  consulting  engineer  or  his 
inspector;  and  whenever  every  sleeper  so  tested  does* not  bear 
these  blows  without  cracking,  or  showing  other  signs  of  failure, 
the  day's  make  will  be  rejected.  Immediately  after  every  sleeper 
is  cast,  it  must  be  protected  in  a  manner  which  will  satisfy  the 
company's  engineer,  that  the  process  of  cooling  will  proceed  so 
slowly,  that  its  strength  will  not  in  any  degree  be  diminished  by 
too  rapid  or  unequal  cooling."*     Some  engineers  consider  this  proof 

♦  Proe.  InaL  C.  £.,  Vol  xxx.,  p.  226. 
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rather  high,  and  specify  that  test  bars,  2x1  inch,  placed  edgeways 
on  bearings  3  feet  apart,  shall  support  a  weight  on  the  centre 
of  25  cwt.,  as  it  appears  that  sleepers  can  be  obtained  which  would 
stand  better,  as  far  as  blows  went,  without  using  so  high  a  bar  test 
as  that  above  described.  It  is  a  singular  fact  that  there  is  an 
excess  of  about  16  per  cent,  in  the  weight  that  a  2-inch  X  1-inch 
test-bar  will  support  when  cast  on  edge  and  proved  as  cast,  over 
that  which  it  will  support  when  proved  with  the  underside  as  cast 
placed  at  the  top  as  proved,  and  8  per  cent  over  the  weight  which 
the  same  test-bar  will  support  if  cast  on  its  side  or  end,  and  proved 
on  edge.*  Hence,  cast-iron  girders  should  be  cast  with  the  tension 
flange  downwards  in  the  sand. 

494.  WorklBff  load  on  east-Iron  pillars. — Owing  to  the 
want  of  recorded  information  it  is  difficult  to  assign  what  propor- 
tion of  the  breaking  weight  eminent  engineers  have  considered  to  be 
the  safe  working  load  for  cast-iron  pillars.  The  opinions  elicited  by 
the  Commissioners  appointed  to  inquire  into  the  application  of  iron 
to  railway  structures  throw  little  or  no  light  on  the  matter,  as  the 
evidence  was  chiefly  confined  to  the  strength  of  girders  under 
transverse  stndn.  Navierf  gives  l-5th  of  the  breaking  weight  as 
the  safe  load  in  practice.  Francis,t  an  American  en^eer,  also 
^ves  l-5th;  while  Morin§  adopts  l-6th.  My  own  experience 
leads  me  to  recommend  that  cast-iron  pillars  supporting  loads  free 
from  vibration,  such  as  grain,  should  in  general  not  be  loaded  with 
more  than  l-6th  of  their  calculated  breaking  weight.  In  factories 
or  stores,  where  strong  vibrations  from  machinery  occur,  the 
working  load  should  not  exceed  l-8th ;  and  if  the  pillar  be  liable 
to  transverse  strains,  or  severe  shocks,  like  those  on  the  ground 
floors  of  warehouses  where  loaded  waggons  or  heavy  bales  are  apt 
to  strike*  against  them,  the  load  shoidd  not  exceed  1-lOth  of  the 
breaking  weight,  or  even  less  when  the  strength  of  the  pillar 
depends  rather  on  the  transverse  strain  to  which  it  is  liable  than 

•  Proc.  Intt.  CS^  Vol  xxx.,  pp.  228,  267. 

t  AppluxUion  de  la  Micanique,  p.  204. 

t  On  the  Strength  of  Cad-iron  Pillars,  p.  17.    New  York,  1865. 

§  R^sUtance  des  Matiriaux,  p.  106. 
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the  weight  it  has  to  support.  For  instance,  the  pressure  of  wind 
against  a  light  open  shed,  supported  by  pillars,  may  produce  a 
transverse  strain  which  will  be  very  severe  compared  with  that  due 
to  the  mere  weight  of  the  roof.  The  same  thing  may  occur  if  heavy 
rolling  goods,  such  as  casks  or  loaves  of  sugar,  are  piled  up  agunst 
the  pillar  in  such  a  manner  as  to  cause  horizontal  pressure  like 
that  of  a  liquid.  It  is  also  necessary  to  take  into  consideration  the 
foundations  on  which  the  pillars  rest,  for  if  these  yield  unequally, 
one  pillar  may  sustain  much  more  than  its  proper  share  of  load. 
Wrought-iron  is  gradually  superseding  cast-iron  for  struts  in 
machinery;  when,  however,  cast-iron  is  adopted,  it  is  well  that 
the  working  load  should,  at  all  events,  not  exceed  1-lOth  of  the 
calculated  breaking  load.  In  all  these  cases  it  is  essential  to  con- 
sider carefully  whether  the  pillar  is  flat  bedded  or  very  securely 
fixed  at  the  ends,  as  a  slight  imperfection  in  this  respect^  either 
immediate  or  prospective,  will  reduce  the  strength  to  one-third  in 
long  pillars,  and  somewhat  less  in  medium  piUars,  and  if  there  is 
any  doubt  whatever  on  this  point  it  will  be  only  common  prudence 
to  assume  in  the  calculations  that  the  pillar  is  imperfectly  bedded 
(8II5  818).  The  reader  will  find  practical  rules  for  the  thickness 
of  hollow  castriron  pillars  in  884,  and  examples  of  calculation  from 
888  to  889. 

WROUGHT-IRON. 

495.  BflTeetfl  of  repeated  defleetlons  on  wroaffht-lroB  bars 
and  plate  irtrders. — Sir  Henry  James  and  Captain  Galton  made 
some  experiments  in  Portsmouth  Dockyard  for  determining  the 
effects  produced  by  repeated  deflections  on  wrought-iron  bars.* 
These  experiments  were  made  with  cams  caused  to  revolve  by 
steam  machinery,  which  alternately  depressed  the  bars  and  allowed 
them  to  resume  their  natural  position  for  a  great  number  of  times. 
Two  cams  were  used ;  one  was  toothed  on  the  edge  so  as  to  com- 
municate a  highly  vibratory  motion  to  the  bar  during  the  deflection ; 
the  other,  a  step  cam,  first  gently  depressed  the  bar  and  then 
released  it  suddenly  when  the  full  deflection  had  been  obtained. 
The  depressions  were  at  the  rate  of  from  four  to  seven  per  minute, 
and  the  following  table  gives  the  principal  results : — 

*  Rep,  cf  Iron  Cbm.,  App.  B,,  p.  259. 
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TABLE    in.— EZPEBIinNTB    OV  SEFSiLTBD  DSFLBOnOlTB  07  WBOUOHT-IBOH  BaB8» 
2  InOHBS  BQUABB  and  9  FbBT  long  BETWK^  FOUTTB  07  BUFFOBT. 


Naol 
experiment 

Amount  of 

deflection  in 

inches. 

Niiml)er  of 
depresBiont. 

Permanent  let 
In  inches. 

Remarks. 

1 

•838 

100,000 

0015  ' 

Toothed  cam. 

2 

•83 

10,000 

0- 

Step  cam. 

8 

1-00 

10,000 

0-06 

Do. 

4 

2-00 

10 

0-80 

Do. 

50 

0-54 

Do. 

•     100 

0-69 

Da 

150 

0-84 

Do. 

200 

0-98 

Da 

800 

1^84 

Da 

The  following  experiments  were  made  for  the  purpose  of  com- 
parison to  determine  the  deflections  due  to  statical  loads  at  the 
centre  of  a  similar  bar. 

TABLE  lY. — ^EXPBBIMINTB  OK  A  WBOUOHT-IBON  BaB»  2  InOHXB  BQUABB  AND 
9  FbET  LONO  between  points  of  BUFFOBT,  SHOWING  THE  STATICAL  WEIGHTS 
DUE  TO  GIVEN  DEFLEOTIONB,  THB  WEIGHTS  BEING  AFFUBD  AND  THE  DEFLECTIONS 
JfEASUBED  AT  THE  CENTBE. 


Deflections 
in  inches. 

Weights 
in  lbs. 

Permanent 
set 

Remarks. 

•838 

507 

0 

Alter  the  bar  had  1,950  lbs.  on, 

•666 

926 

0 

it    suddenly   gave  way,    and 
although  it  did  not  break,  no 

•883 

1,121 

0 

further  weight  could  be  applied 

1-00 

1,364 

0-054 

with  cert^ty. 

1-80 

1,950 

0-86 

In  these  experiments  two  things  are  worthy  of  note ;  first,  the 
largest  deflection  which  did  not  produce  a  permanent  set  appears  to 
be  that  duetto  rather  more  than  one-half  the  statical  weight  which 
crippled  the  bar:  secondly,  10,000  depressions  with  the  step  cam, 
causing  a  deflection  of  1  inch,  produced  almost  exactly  the  same 
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permanent  set  as  the  statical  weight  due  to  the  same  deflection  of 
1  inch. 

With  the  view  of  arriving  "  at  the  extent  to  which  a  bridge  or 
girder  of  wrought-iron  may  be  strained  without  injury  to  its 
ultimate  powers  of  resistance,  and  to  imitate  as  nearly  as  possible 
the  strain  to  which  bridges  are  subjected  by  the  passage  of  heavy 
railway  trains,"  Sir  William  Fairbairn  caused  a  weighted  lever  to 
be  lifted  off  and  replaced  alternately,  by  means  of  a  water-wheel, 
upon  the  centre  of  a  wrought-iron  single-webbed  plate  girder  of 
the  usual  construction,  with  double  angle-irons  and  flange-plates 
riveted  on  top  and  bottom  respectively.  The  dimensions  of  the 
girder  were  as  follows:* — 

Extreme  length,        -        -        -  -  22  feet. 

Length  between  supports,          -  -  20  feet. 

Extreme  depth,          -        -        -  -  16  inches. 

Weight  of  girder,      ...  -       7  cwt.  3  qrs, 

Sqtiare  inches. 

Area  of  top  flange,  1  plate,  4  inches  x  ^  inch,  -     2*00 

2  angle-irons,  2  X  2  X  ^e?» -    ^SO 


>j  » 


4-30 


Area  of  bottom  flange,  1  plate,  4  inches  X  ^  inch,     1*00 

2  angle-irons,  2  X  2  X  -^7,     1  '40 


»»  >i 


2-40 
Web,  1  plate,  15^  X  i  inch, 190 

Total  sectional  area  in  square  inches,       ...    8*60 

The  area  of  the  ^  inch  rivet  holes  in  the  bottom  flange,  two  in 
each  angle-iron  and  two  in  the  plate,  is  equal  to  *625  square 
inches,  which  reduces  the  efiective  flange  area  for  tension  from  2*4 
to  1*775  square  inches.  The  web  being  continuous  gave  some  aid 
to  the  flanges,  but  as  it  was  composed  of  9  short  plates  with 
vertical  joints  and  single-riveted  covering  strips,  the  amount  of 
aid  given  to  the  tension  flange  probably  did  not  exceed  one-half 
the  theoretic  aid  of  a  perfectly  continuous  web  (100),  that  is,  it 
probably  equalled  one-twelfbh  of  the  gross  area  of  the  web,  or 

*  Uirful  Information  for  Engineen,  third  serieB,  p.  801. 
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0*158  square  inches ;  adding  this  to  the  net  area  of  the  bottom 
flange,  we  have  a  total  of  1*775  +  0*158  =  1*933  square  inches 
available  for  tension,  and  assuming  the  tearing  strength  of  the  iron 
to  have  been  20  tons  per  square  inch,  and  the  depth  for  calculation 
to  be  taken  from  inside  to  inside  of  the  angle-iron  flanges,  which 
measures  14|  inches,  we  have  the  breaking  weight  in  the  centre, 
from  eq.  18,  as  follows: — 

^  ^  4Fj  ^  4  X  (20  X  1>933)  x  1475  ^  ^.^  ^^ 

The  compression  flange,  it  will  be  observed,  was  much  stronger  than 
that  in  tension,  and  hence  it  may  be  supposed  that  a  larger  fraction 
than  one-twelfth  of  the  web  should  be  added  to  the  lower  flange 
(49§).  The  extra  strength  on  this  account  must,  however,  have 
been  very  small  and  could  scarcely  raise  the  breaking  weight  beyond 
10  tons.  Sir  William  Fairbaim,  however,  calculated  the  breaking 
weight  at  12*8  tons  by  an  empirical  formula  derived  from  the 
model  tube  at  Millwall.  The  following  table  contains  a  summary 
of  the  experiments  with  the  corresponding  tensile  strains,  cal- 
culated on  the  supposition  that  10  tons  was  the  true  statical 
breaking  weight  at  the  centre,  and  that  20  tons  per  square  inch 
was  the  tearing  strength  of  the^iron. 

TABLE  v.— EXFEBIMXNTB  ON  BBPEATBD  DeFLBOIIOVB  OT  A  SINOLB-WBBBBD  PLATB- 
IBON  GiBDBB,   16  INCHES  DEEP  AND  20  FEET  LONG  BBTWBBN  POINTS  OF  8UPF0BT. 


• 

Weight 
on  middle 
of  girder. 

Deflection. 

Tensile 
■train 

per square 

inch  of 

net  area 

of  bottom 
flange. 

Remarks. 

1 

toUL 
2-96 

596,790 

inches. 
0-17 

tons. 
6-92 

Above  half  a  mUhon  changes, 
working  continuoasly  for  two 
months,  night  and  day,  at  the 
rate  of  about  eight  changes  per 
minute,  produced  no  yisible 
alteration. 

2 

8-50 

408,210 

0-28 

7-00 

One  million  changes  and  no 
apparent  injury. 

3 

4-68 

6,176 

0-86 

9-86 

Permanent  set  of  '06  inches; 
broke  by  the  tension  flange 
teaiing  across  a  short  distance 
from  the  middle.  None  of  the 
rivets  loosened  or  broken. 

2  I 
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Oirder  nptdred  bjf  r^phdng  the  ftroibm  angle4inm$  on  each  tide,  and  putUng  a 
patch  over  the  hroken  plate  equal  in  area  to  the  hroben  plate  iteeff. 


i' 


i 


M 


Wdgbt 
on  middle 
of  girder. 


Naofchangea. 


DeflectloD. 


TentUe 

■train 

periqnare 

Inch  of 

net  area 
of  bottom 

flange. 


Remark!. 


0 
6 


tons. 
4*68 

8*68 
2-96 

4*00 


158  — 


25,742 
8,124,100 

818,000 


inches. 

tons. 

— 

9*86 

0*22 

7*16 

0*18 

5-92 

0-20 

8-00 

Appurains  accidentally  set  In 
motion ;  took  a  laige  but  nn- 
measQiedseL 


No  increase  of  deflection  or  per- 
manent set. 

Broke  by  failure  of  the  tension 
flange  as  before,  cloee  to  the 
plate  riveted  over  the  previons 
nactore.  Total  number  of 
changeBafterrepair=8,4e8,000. 


These  experiments  seem  to  indicate  that  a  constantly  repeated 
tensile  strain  of  6  or  7  tons  per  square  inch  will  not  injure 
wrought-iron,  but,  as  the  actual  breaking  weight  of  the  girder  was 
not  determined  after  each  experiment,  we  cannot  be  quite  certain 
whether  the  strength  was  really  impaired  or  not  by  the  lesser 
strains.  To  carry  out  the  experiment  scientifically  would  have 
required  several  girders  to  be  broken  by  dead  weight — one  when 
new,  as  a  standard  for  comparison ;  and  each  of  the  others  after  a 
few  million  changes  of  the  same  amount  in  any  one  girder,  but  of 
different  amounts  in  successive  girders. 

496.  Met  area  only  elTeetlTe  llir  tension — ^AUowanee  llir 
the  weakening  elTeet  of  pDnehlni^ — ^Rnle  of  Board  of  Trade 
fbr  wroncht-lron  railway  bridges — Tensile  working  stnUni 

of  wrov9lit4ron — ^Freneh  role  for  railway  bridges. — The 

reader  will  recollect  that  the  whole  area  of  a  riveted  plate  is  not 
available  for  tension,  but  only  the  unpierced  portion  which  lies 
between  the  rivet  holes  in  any  line  of  transverse  section ;  this  is 
called  the  net  area  of  the  plate,  and  on  this  net  area  alone  the 
working  tensile  strain  should  be  calculated.  The  effective  tensile 
area  of  a  punched  plate  b,  indeed,  somewhat  less  than  its  net  area, 
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for  the  tearing  strength  of  iron  is  generally  injured  by  punching, 
especially  if  there  be  too  great  a  clearance  between  the  punch  and 
die,  or  if  the  iron  be  brittle  and,  though  it  is  not  the  practice,  it 
would  be  more  correct  to  diminish  the  gross  section  by  the  sum 
of  the  rivet  holes  multiplied  by  a  factor  greater  than  unity, 
perhaps  1*1,  or  1*2.  It  may,  perhaps,  be  supposed  more  accurate 
to  add  a  constant  quantity,  say  ^th  inch,  to  the  diameter  of  each 
hole  in  place  of  adding  a  percentage,  but  it  is  probable  that  the 
weakening  effect  of  punching  is  greater  the  thicker  the  plate, 
and  as  thick  plates  have  generally  larger  rivet  holes  than  thin 
ones,  the  percentage  allowance  will  be  more  accurate  in  practice* 
Good  experiments  on  this  subject  are  much  wanted.  Meantime, 
the  weakening  effect  of  punching  affords  an  argument  in  favour  of 
drilling  holes,  especially  in  hard  and  brittle  materials.  Punching 
will  probably  do  little  injury  to  soft  and  ductile  iron,  or  to  mild 
steel,  especially  when  the  latter  is  subsequently  annealed  (469). 
The  following  rule  has  been  Iwd  down  by  the  Board  of  Trade  for 
the  strength  of  nulway  bridges.  **'  In  a  wrought-iron  bridge  the 
greatest  load  which  can  be  brought  upon  it,  added  to  the  weight 
of  the  superstructure,  should  not  produce  a  greater  strain  on  any 
part  of  the  material  than  5  tons  per  square  inch."  This  rule  is 
now  confined  to  parts  in  tension,  in  which  case  the  5  tons  is  com- 
puted on  the  net  area  only,  while  the  usual  limit  of  strain  in  the 
compression  flanges  is  4  tons  per  square  inch  of  gross  area,  and,  as 
the  tearing  and  crushing  strengths  of  ordinary  plate  iron  are  re* 
spectively  20  and  16  tons  per  square  inch,  the  foregoing  rules  are 
equivalent  to  stating  that  one-fourth  of  the  breaking  strain  is  the 
maximum  safe  working  strain  for  wrought-iron  girders  which  are 
subject  to  vibration  like  railway  bridges,  and  this  b  now  the 
recognized  English  practice.  When  wrought-iron  girders  support 
a  dead  load,  like  water  tanks  or  grain  lofts,  they  will  safely  bear 
one-third  of  their  breaking  strain,  but  when  liable  to  sudden 
severe  shocks,  as  in  gantries  or  cranes,  the  working  strain  should 
not  exceed  one-sixth  of  the  computed  breaking  strain. 

The  safe  tensile  working  strain  for  ordinary  bar,  angle,  or  tee 
iron  in  girder- work  is  generally  the  same  as  for  plates,  namely,  5 
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tons  per  square  incli  of  net  section,  but  bar  iron  of  extra  quality, 
such  as  the  links  of  suspension  bridges,  will  safely  bear  6  tons  per 
square  inch.  Special  care  is,  taken  with  the  manufacture  of  this 
class  of  iron,  and  it  is  customary  to  prove  each  link  individually  to 
a  strain  of  from  8  to  10  tons  per  square  inch  before  it  is  admitted 
into  the  suspension  chain,  the  tearing  strength  of  the  iron  being  not 
less  than  24  tons  per  square  inch.  For  merely  temporary  purposes 
wrought-iron  will  bear  safely  a  tensile  strain  of  9  tons  per  square 
inch,  unless  when  subject  to  violent  shocks,  in  which  case  6  tons 
will  be  sufficient. 

The  French  rule  for  wrought-iron  railway  bridges  is  that  in  no 
part  shall  the  strain,  either  of  tension  or  compression,  exceed  6 
kilogrammes  per  square  millimetre,  t.«.,  3*81  tons  per  square  inch 

of  gross  section. 

497.  Crrofls  area  aTallaMe  for  compression — C^mpresslTe 
workinff  strain  of  wronyht-tron — Vlant^em  of  wronsht-lron 
i^irders  are  generally  of  equal  area. — The  total  sectional  area 

of  a  riveted  plate  is  available  for  compression  (flexure  being  duly 
provided  agidnst),  since  the  thrust  is  transmitted  through  the  rivet 
just  as  if  it  were  a  portion  of  the  solid  plate,  for,  if  the  rivet  head 
be  properly  hammered  up,  its  shank  will  upset  and  £11  the  hole 
completely.  Even  supposing  that  the  rivet  do  not  perfectly  £11 
the  hole,  an  exceedingly  small  motion  of  the  parts,  which  must 
take  place  before  crushing  commences,  will  cause  the  strain  to  pass 
through  the  shank.  In  practice,  however,  the  longitudinal  con- 
traction of  each  rivet  in  cooling  will  produce  an  amount  of  friction 
between  the  surfaces  riveted  together  which  is  generally  sufficient 
to  resist  any  movement  so  long  as  the  strain  lies  within  the  usual 
working  limits  (466).  The  crushing  strength  of  wrought-iron  is 
generally  taken  at  16  tons  per  square  inch  (S07),  and  the  safe  limit 
of  compressive  working  strain  in  girder-work  is,  according  to 
ordinary  English  practice,  4  tons  per  square  inch  over  the  gross 
area,  provided  the  section  is  so  large  that  it  can  without  extra 
material  be  put  into  a  form  suitable  for  resisting  flexure  or 
buckling.  This  is  generally  the  case  with  the  compression  flanges 
of  girders.     When,  however,  a  thin  sheet,  like  the  web  of  a  plate 
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girder,  sustains  compression,  or  when  the  theoretic  section  of  a 
strut  is'  small,  as  in  the  compression  bars  of  a  braced  web,  it  is 
necessary  to  add  additional  material  to  prevent  flexure  or  buckling. 
Angle,  tee,  or  channel  iron  are  suitable  for  plate  stiffeners  or  for 
short  struts ;  for  long  struts  the  plan  of  internal  cross-bracing, 
represented  in  Plate  lY.,  may  be  advantageously  adopted,  the 
cross-bracing,  of  course,  not  being  measured  as  effective  area  to 
resist  crushing,  since  it  merely  keeps  the  sides  in  line,  but  sustuns 
none  of  the  longitudinal  thrust,  and  in  small  scantlings  it  will  be 
prudent  to  limit  the  maximum  compressive  working  strain  to  3 
tons  per  square  inch.  The  working  strain  of  wrought-iron  pillars, 
when  subject  to  shocks,  like  the  jib  of  a  crane,  should  not  exceed 
l-6th  of  the  computed  breaking  weight;  with  quiescent  loads  l-4th 
is  a  safe  rule.  The  reader  is  referred  to  MO  and  the  following 
articles  for  the  mode  of  calculating  the  strength  of  wrought-iron 
pillars  of  various  sections. 

When  wrought-iron  arches  have  braced  spandrils,  the  ribs  are 
free  from  transverse  strain  and  will  safely  bear  as  high*  longitu- 
dinal strains  as  the  flanges  of  girders,  but  if  the  spandrils  are 
not  braced,  the  line  of  pressure  in  the  ribs  may  vary  under  the 
influence  of  passing  loads  and  thus  double,  or  even  treble  the  normal 
working  strain  (919).  The  extreme  compressive  strains,  produced 
by  the  most  unfavourable  combination  of  circumstances  in  the 
wrought-iron  arched  ribs  of  the  Victoria  Railway  Bridge,  in 
four  spans  of  175  feet  each,  which  was  designed  by  Mr.  John 
Fowler,  are  sud  in  no  case  to  exceed  4^  tons  per  square  inch.* 

The  flanges  of  wrought-iron  girders  are  generally  made  of  equal 
or  nearly  equal  area,  for  the  deduction  for  rivet  holes  in  the  tension 
flange  is  compensated  by  the  higher  unit-strain  in  the  net  area 

between  the  holes  which  is  effective  for  tensile  strain. 

49§.  9heaiiB9  working  strain — ^Pressare  on  liearbiff  sor- 
fliceft — Knifie  edifes. — ^The  shearing  strength  of  wrought-iron  is 
substantially  the  same  as  its  tensile  strength  (t94),  from  which  it 
follows  that  the  shearing  working  strsdn  of  iron  rivets  or  bolts  in 
ordinary  girder-work  may  equal  5  tons  per  square  inch  of  section, 

•  Proe.  Intt,  C.B.,  VoL  xxviL,  p.  67. 
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but»  as  already  stated  in  469,  the  rivet  area  of  a  tension  joint  is 
usually  about  10  per  cent,  in  excess  of  what  this  rule  allows,  in 
order  to  compensate  for  accidental  inequalities  in  the  distribution 
of  strain  among  the  rivets.  When  calculating  the  area  of  a  plate 
web  from  the  total  shearing-strain  in  the  manner  described  in  54, 
it  is  a  safe  rule  to  adopt  4  tons  per  sectional  inch  of  web  as  the 
maximum  shearing  unit-strain,  but  this  rule  gives  no  idea  of  the 
amount  of  material  requisite  for  s1i£Eening  the  web,  and  which  can 
only  be  determined  by  experience  in  each  separate  case  (4S0). 
The  bearing  surface  of  a  round  bar,  such  as  the  pin  or  bolt  of  a 
flat  link,  is  measured  by  the  product  of  its  diameter  by  the  length 
of  bearing,  and  it  appears  from  the  experiments  referred  to  in 
461,  that  the  statical  working  pressure  on  a  bearing  surface  of 
wrought-iron  may  equal  1*5  times  the  safe  tensile  strain,  that  is, 
it  may  equal  7*5  tons  per  square  inch  of  bearing  sur&ce.  The 
pressure  of  rivets  in  double-shear  against  the  middle  plate,  sup- 
posing friction  does  not  affect  the  bearing  pressure  (466),  is  often 
double  of  this,  and  the  pressure  of  the  links  of  a  chain  against 
each  other  must  also  be  far  greater.  The  rule  of  the  Board  of 
Trade  for  the  steel  knife  edges  of  public  chain-testing  machines 
requires  that  the  pressure  shall  not  exceed  5  tons  per  linear  inch 
of  knife  edge.  In  my  own  practice  I  have  frequently  put  a 
pressure  of  10  tons  on  each  linear  inch,  and  occasionally  17  tons, 

and  found  no  bad  effects. 

490.  Worklnip-straiit  of  boUeni — ^Board  of  Trade  role — 
Freneb  role. — The  working  load  of  fresh  water  boilers  should 
not  exceed  one-sixth  of  their  bursting  pressure,  though  locomo- 
tives are  occasionally  worked  (very  unsafely)  to  one-fourth. 
One-seventh  of  the  bursting  pressure  seems  a  proper  working 
load  for  salt  water  boilers,  as  they  ,9re  liable  to  greater  hardship 
than  fresh  water  boilers.  The  following  table  will  illustrate  these 
rules  in  a  convenient  form,  applied  to  parts  in  tension ;  the  strains 
are  given  in  tons  per  square  inch  of  gross  area.  The  method  of 
calculating  the  strength  of  boiler  flues  is  explained  in  Chap,  XIII. 
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•*  Best  bert**  bolter  plate. 

Common  bolter  ptete. 

Tearing 

■train 

per 

■qnare 

inch  of 

groei 

are& 

Working  itrain 

per  aqoare  inch 

of  groaiarea. 

Tearing 

■train 

per 

■qoare 

ineliof 

grois 

area. 

Working  atrain 

lier  aqnare  ineli 

of  groaaarea. 

FMh 

water 
boUen. 

Salt 

water 

boltert. 

Vnah 

water 

boilera. 

Salt 

water 

boUem 

tone 

tons. 

tons. 

tons. 

tons. 

tons. 

Wronght-uon  plaiei,  unpunohed. 

22 

— 

— 

20 

— 

^- 

Do.           dou,       siiigle-riTeted, 
(strength  =  50  per  oent  of  that  of 
tho  unpanched  plate), 

11 

1-888 

1-67 

10 

1-667 

1-43 

Da           do.,      doable-riveted, 
(atrengih  =  70  per  oent.  of  that  of 
the  trnpunched  plate), 

15-4 

2-567 

2-20 

14 

2-888 

2-00 

Some  engineers  allow  for  single-riveted  joints  one-fifth  greater 
working  strain  than  is  given  in  the  table,  in  consequence  of  the 
additional  strength  supposed  to  be  derived  from  the  plates  break- 
ing joint  with  each  other,  but  I  am  not  aware  of  any  experiments 
which  support  this  view.  The  oral  rule  of  the  Board  of  Trade 
Surveyors  for  marine  boilers  is  that  their  tensile  working  strain 
shall  not  exceed  6,000  fibs.,  =  2*678  tons,  per  square  inch  of  gross 
section ;  for  example,  the  working  pressure  of  a  cylindrical  boiler 
of  f  inch  plates,  12  feet  in  diameter,  and  double-riveted  along  the 
longitudinal  joints,  should  not  exceed  62'5  fibs,  per  square  inch. 

General  Morin  states  that  according  to  a  French  royal  decree 
the  working  strain  of  plate-iron  in  boilers  shall  not  exceed  1*9  tons 
per  square  inch.* 

480.  Working  stmlM  of  enffliie-work. — ^In  engine  and  wheel- 
work  it  is  generally  safe  practice  to  proportion  the  moving  parts  so 
that  their  working  strain  shall  not  exceed  one-tenth  or  one- 
twelfth  of  that  which  would  break  or  cripple  them ;  for  instance, 
the  working  strain  of  screw  bolts  in  engine-work  is  generally 
limited  to  about  4,000  tt>s.  per  square  inch  of  net  section,  and  the 
same  rule  is  applied  to  piston  and  connecting  rods  when  in  tension 

*  R4n$tanu  dea  Matiriaux,  p.  20. 
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merely;  when  in  compression,  one  ton,  or  2,240 tt>s.  per  square 
inch,  is  an  ordinary  rule,  though,  properly  speaking,  the  safe 
working  strain  will  depend  on  the  strength  of  the  rod  to  resist 
flexure,  and  will  therefore  vary,  like  that  of  other  pillars,  with  the 
ratio  of  length  to  diameter. 

4§1.  Examples  of  working  strain  In  wronyht-lron  irlrder 
and  suspension  bridyes. — The  following  tables  contain  examples 
of  the  working  strains  in  some  important  wrought-iron  girder  and 
suspension  bridges.  Several  of  the  suspension  bridges  in  Table 
YIII.  have  toll-gates  which  prevent  the  occasional  load  from 
reaching  so  high  as  80  fbs.  per  square  foot  of  platform.  There 
are  also  regulations  to  prevent  horses  or  vehicles  from  going  faster 
than  a  walking  pace.  See  **  Working  Load  on  Public  Bridges  " 
near  the  end  of  this  chapter. 
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489.  Strenirth  and  qaallty  of  puiieiials  should  be  stated 
in  speeiileations — ^Froof  strain  of  ehains  and  flat  bar  links — 
Admiralty  tests  fbr  plate-Iron. — In  drawing  up  specifications 
for  girders,  ships,  or  boiler-work,  it  is  well  to  specify  the  tearing 
strength  and  quality  of  the  materials.  Plates  may  be  tested  by 
tearing  asunder  samples  of  the  following  shape  [T^  ^  in  a 
proving  machine,  several  of  which  are  now  to  be  found  throughout 
the  kingdom.  The  amount  of  elongation  of  wrought-iron  or  steel 
under  tensile  strain  is  a  test  of  toughness,  a  most  desirable 
quality  for  many  purposes,  though  of  little  importance  in  the 
compression  flanges  of  girders.  In  my  own  practice  I  require  the 
tensile  set  after  fracture  (ultimate  elongation,)  of  ship  plates  and 
tension  plates  of  girders  to  be  not  less  than  5  per  cent,  of  their 
original  length,  when  torn  with  the  grain ;  at  right  angles  to  the 
grain  the  set  is  generally  much  less,  perhaps  only  1  or  2  per  cent. 
I  also  require  their  tensile  strength  to  be  not  less  than  20  tons 
per  square  inch  with  the  grain,  and  18  tons  across  the  grain  (Mt, 
SMs  856).  In  proving  cast-iron,  care  should  be  taken  to  round 
off  the  arrises  of  the  pin-holes  by  which  the  sample  is  suspended, 
so  that  the  strain  may  pass  accurately  through  its  axis  (850). 
Chains  are  now  tested  in  proving  machines  sanctioned  by  the  Board 
of  Trade  (8§0  to  8§8),  and  it  is  customary  also  to  prove  all  the 
flat  bar  links  of  suspension  bridges  to  9  or  10  tons  per  square 
inch,  but  the  proof  strain  should  in  no  case  exceed  the  limit  of 
elasticity,  say  12  tons  per  square  inch,  lest  the  ductility  of  the 
iron  be  impaired  and  brittleness  result  (409). 

The  following  are  the  Admiralty  tests  for  wrought-iron  ship 
plates: — 

PLATE-mON  (FIBST  GLASS). 

B.a 

Tensile  rtrain  per  ( Lengthways,         -  -  -  -  22  tons, 

square  inch.      '  Crossways,  -  -  •  -  •  18    „ 

FoBOB  Test  (Hot), 

All  plates  of  the  first  class,  of  one  inch  in  thickness  and  under,  should  be  of  such 
ductility  as  to  admit  of  bending  hot,  without  fracture  to  the  following  angles : — 
Lengthways  of  the  grain,  .....  125  degrees. 

Across,  -  -  -  -  •  -  -  -    90       „ 
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F0BG9  TcBT  (Cold). 
An  plates  of  the  fint  daas  should  admit  of  bendizig  cold  witboat  fractorey  as 
follows : — 

Wiik  the  ffnUn, 
1  in.  and  ^  of  an  inch  in  thickness  to  an  angle  of  15  degrees. 
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1  in.,  4t)  i>  ai^d  \i  of  an  inch  in  thickness  to  an  angle  of    5  degrees. 
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PLATE-mON  (SECOND  CLASS). 

B. 

Tensile  strain  per  |  Lengthways,  -            -  -20  tons.                                            ^ 

square  inch.      '  Crossways,      ... 

FoBOi  Test  (Hot). 
All  plates  of  the  second  class  of  one  inch  in  thickness  and  under,  should  be  of  such 
ductility  as  to  admit  of  bending  hot,  without  fracture,  to  the  following  angles  : — 

Lengthways  of  the  grain,  -                                    •  -  90  degrees. 

Across,      -            -            -            -            -            -      '  -  60       „ 

FoBOi  Tbst  (Cold), 
All  plates  of  the  second  class  should  admit  of  bending  cold  without  fracture,  as 
follows : — 

WUh  the  grain, 

1  in.  and  ^  of  an  inch  in  thickness  to  an  angle  of  10  degrees. 
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Plates,  both  hot  and  oold,  shonld  be  tested  on  a  cast-iron  slab,  having  a  fair  soifaoe, 
with  an  edge  at  right  angles,  the  comer  being  rounded  off  with  a  radius  of  4  ui  inch. 

The  plate  should  be  bent  at  a  distance  of  from  3  to  6  inches  from  the  edge. 

It  is  intended  that  all  the  iron  shall  stand  the  forge  tests  herein  named,  when  taken 
in  four  feet  lengths,  across  the  grain ;  and  the  whole  width  of  the  plate,  along  the  grain, 
wheneyer  it  may  be  necessary  to  try  so  laige  a  piece ;  but  a  smaller  sample  will 
generally  answer  evezy  purpose. 

All  plates  to  be  free  from  lamination  and  injurious  surface  defects. 

One  plate  to  be  taken  indiscriminately  for  testing  from  every  t-TiiftTn^ftM  of  plate, 
sent  in  per  invoice,  provided  they  do  not  exceed  fifty  in  number.  If  above  that 
number,  one  for  every  additional  fifty,  or  portion  of  fifty. 

Where  plates  of  several  thicknesses  are  invoiced  together,  and  there  are  but  few 
plates  of  any  one  thickness,  a  separate  test  for  plates  of  each  thickness  need  not  be 
made ;  but  no  lot  of  plates  of  any  one  thickness  must  be  rejected  before  one  of  that 
lot  has  been  tested. 

'*  The  sample  pieces  cat  from  the  plate,  after  having  their  edges 
planed,  are  secured  one  by  one  to  the  cast-iron  slab,  about  3  or  4 
inches  from  its  edge,  and  are  then  bent  down  by  moderate  blows 
from  a  large  hainmer.  The  result  may  be  greatly  affected  by 
humouring  and  coaxing  on  the  part  of  the  hammer-man.  By 
striking  the  iron  in  the  direction  of  the  fibre  the  workman  can 
make  an  inferior  iron  bend  with  less  symptoms  of  distress  than  a 
better  iron  may  exhibit  when  used  more  roughly.  The  same 
leniency  may  be  shown  to  the  iron  by  bending  it  under  a  steady 
pressure  instead  of  by  blows.  The  blows  should,  therefore,  be 
delivered  not  too  lightly,  and  about  square  to  the  surface,  and  the 
first  signs  of  fracture  should  be  observed  and  recorded.  The 
samples  for  the  hot  test  are  heated  until  they  assume  an  orange 
colour,  and  are  then  bent  down  to  the  prescribed  angles  in  the 
same  way  as  in  the  cold  test."* 

STEEL. 

4§8.  Working  strain  llir  steel — Steel  pillars — ^Admiralty 
tests  llir  steel  plates. — ^We  cannot  yet  infer  from  extensive 
practice  what  is  the  safe  working  strain  for  steel.  Probably  one- 
fourth  of  the  tearing  strain,  or  8  tons  per  square  inch,  is  a  safe 
tensile  working  strain  for  mild  steel  plates  such  as  those  described 
in  860.     The  most  important  steel  girder  bridge  which  has  come 

*  Beed  on  Shi^pbwldinff,  pp.  885,  Z95, 
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under  my  notice  is  that  constrncted  of  puddled  steel  by  Major 
Adelskold,  of  the  Koyal  Swedish  Engineers,  for  the  Herljunga 
and  Wenersborg  Bailway  in  Sweden.  The  girder  is  an  inverted 
bowstring,  carrying  the  railway  in  one  span  of  137^  feet  over 
a  rapid  torrent.  ^'  The  dimensions  are  calculated  for  a  strain  of 
8  tons  per  square  inch,  every  portion  having  been  tested  to  16 
tons  per  square  inch  before  being  put  in  place.''*  The  crushing 
strength  of  steel  is  so  high  that  12,  or  even  15  tons,  per  square 
inch  is  perhaps  a  safe  compressive  working  strain  when  the  material 
is  not  permitted  to  deflect,  but  when  in  the  form  of  a  solid  pillar, 
the  strength  of  mild  steel  seems  to  be  only  about  1|  times  that  of 
wrought-iron  (8S6).  Experiments  are,  however,  still  wanting  to 
determine  this,  and,  until  such  are  made,  it  will  scarcely  be  safe  to 
adopt  for  steel  pillars  a  higher  load  than  50  per  cent,  above  that 
which  a  similar  section  of  wrought-iron  would  safely  carry.  The 
Admiralty  tests  for  steel  plates  for  shipbuilding  are  as  follows : — 

Tensile  strain  per  ( Lengthways,  -  -  -    S8  tODB, 

square  Inch.      '  GroaswajB,  -  -  -    80  „ 

The  tensile  strength  is  in  no  case  to  exceed  40  tons  per  square  inch. 

FoBGB  Test  (Eot), 

All  plates  of  one  inch  in  thickness  and  under,  shonld  be  of  such  dnctiUty  as  to  admit 

of  bending  hot,  without  fracture,  to  the  following  angles : — 

Lengthways  of  the  grain,  .....  140  degrees. 

Aorofls  the  grain,  ......  no      „ 

FoBOB  Tbst  (Cold). 

All  plates  shoold  admit  of  bending  cold,  without  fracture  as  follows : — 

With  the  grain.  Acrou  the  grain. 

Degrees. 

1  inch  in  thicknesB  to  an  angle  of  80 
i    „  „  ».  40 

)    i>  >»  »»  ^0 

i    „  „  ff  70 

"IT    »»  »»  »»  '*' 

I     »>  »  n  80 

A    n  »»  »>  "*' 

jl    „    and  under,  „  90 


1  inch  in  ihidmees  to  an  angle  of  20 

B  n  »>  n  25 

I  »  »  n  80 

i  i>  >»  n  85 

4  »  »  »  ^ 

A  »  »»  »  60 

I  »»  »»  n  60 

A  i»  »  »  05 

i  „  and  under,  „  70 


The  edges  should  be  drilled  or  sawn,  and  not  punched,  in  cutting  the  sample  from  the 
plftta    In  other  respects  they  should  be  treated  as  already  described  for  wzought-iron.t 

♦  The  Engineer,  Vol  mi,  p.  240, 1866, 
+  Beed  on  Shi$buiading,  p.  899. 
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Steel  rivets  are  very  brittle  and  their  heads  frequently  fly  off, 
and  accordingly  it  is  usual  to  unite  steel  plates  with  iron  rivets,  of 
much  larger  size,  however,  than  would  be  required  for  iron  plates 
of  the  same  thickness. 

TIMBEB. 

484.  Enirlish^  Amerleaii  and  French  praetiee — ^Permanent 
worklnir  strain — ^Temporary  workinir  strain* — The  use  of 

timber  in  important  structures  is  now  so  rare  in  the  United 
Kingdom  that  it  is  difficult  to  assign  the  working  strain  which 
English  engineers  consider  safe.  At  the  Landore  viaduct,  con- 
structed by  the  late  Mr.  Brunei  of  creasoted  American  pine 
in  compression,  with  wrought-iron  in  tension,  the  timber  was 
generally  calculated  to  bear  373  fbs.  per  square  inch,  though 
in  some  parts  of  the  structure  the  strain  was  allowed  to  reach 
560  lbs.,  or  50  per  cent,  more.*  At  the  Innoshannon  lattice 
timber  bridge,  erected  by  Mr.  Nixon  on  the  Cork  and  Bandon 
railway,  the  ordinary  working  strains  in  the  flanges  were  484  lbs. 
compression,  and  847  ibs.  tension  per  square  inch.  After  16 
years*  life  this  bridge  was  so  decayed  that  it  became  unsafe  and 
was  replaced  by  a  wrought-iron  structure  in  1862.t  In  America 
large  timber  bridges  are  still  common,  and  General  Haupt,  a 
distinguished  American  engineer,  ''has  not  considered  it  safe  to 
assign  more  than  800  fibs,  per  square  inch  as  a  permanent  load,  and 
1,000  £bs.  as  an  accidental  load,*'t  and  in  a  paper  on  American 
timber  bridges,  read  by  Mr.  Mosse  at  the  Institution  of  Civil 
Engineers  in  1863,  it  is  stated  that  about  900  fibs,  per  square  inch 
is  usually  considered  by  American  engineers  to  be  the  limit  of  safe 
compression  for  timber  framing.  §  Navier  and  Moriii,  distinguished 
French  authorities,  recommend  that  the  working  strain  of  timber 
should  not  exceed  one-tenth  of  the  breaking  strain  ||  and,  owing  to 
its  liability  to  decay,  this  rule  seems  safe  practice  for  structures 

♦  Proe.  Imt,  O.S,,  VoL  xiv.,  p.  600. 

f  Trans.  Inst,  0,R  of  Irdand,  VoL  vuL,  p.  1. 

X  Hanpt  on  Bridgt  Construction,  p.  62. 

§  Proc  InsL  0,E,,  VoL  rrii,  p.  310. 

II  Nayier,  p.  108,  and  Mozin,  pp.  51,  64,  68. 
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which  are  exposed  to  the  weather,  but  when  timber  is  under  cover 
one-eighth  of  the  breaking  strain  is  a  safe  working  load.  For 
merely  temporary  purposes  a  strain  of  one-fourth  of  the  breaking 
weight  is  probably  safe,  provided  there  are  no  shocks,  as  Mr.  Barlow, 
referring  to  tensile  strain,  states  that  he  '*  left  more  than  three- 
fourths  of  the  whole  weight  hanging  for  24  or  48  hours,  without 
perceiving  the  least  change  in  the  state  of  the  fibres,  or  any 
diminution  of  their  ultimate  strength."*  With  reference  to 
transverse  strain,  however,  Tredgold  states  that  "  one-fifth  of  the 
breaking  weight  causes  the  deflection  to  increase  with  time,  and 
finally  produces  a  permanent  set,"t  &i^d  the  reader  should  recol- 
lect that  the  coefficients  of  rupture  of  timber,  tabulated  in  65, 
were  derived  from  selected  samples  of  small  size  and  require 
therefore  to  be  reduced  to  about  one-half  when  applied  to  ordinary 
timber  of  large  size.  The  method  of  calculating  the  strength  of 
timber  pillars  has  been  already  described  in  889  and  888. 

485.  Sbort  life  of  timber  bridire^— Risk  of  lire* — Tn  the 
paper  on  American  timber  bridges  already  referred  to,  Mr.  Mosse 
states  that  they  do  not  last  in  good  condition  more  than  12  or  15 
years,  the  timber  being  generally  unseasoned  and  shrinking  much 
after  being  framed.  When  covered  in  to  protect  them  from  the 
weather  "and  cared  for,  any  shrinkage  of  the  braces  being  im- 
mediately  remedied,  it  is  believed  these  bridges  will  remain  in 
good  condition  double  the  usual  time,  or  about  twenty-five  years.** 
Some  of  the  old  Continental  bridges,  however,  lasted  much  longer 
than  this,  but  fire  seems  to  be  as  common  an  agent  of  destruction 
as  time  in  America,  where  doubtless,  the  long  dry  summers  give  it 
every  advantage. 

486.  Worklnir   load   on   piles   depends   more  opoB  the 

« 

nature  of  tbe  sronnd  than  opon  tbe  aetaal  streni^b  of  the 
tlmbt^r — ^Worklnir  load  at  riirht  anirles  to  tbe  irraln. — As 

piles  in  foundations  beneath  masonry  are  buried  in  the  ground, 

which  itself  supports  an  uncertain  share  of  the  weight  of  the 

superstructure,  it  is  impossible  to  say  exactly  what  weight  rests  on 

the  pile  and  how  much  on  the  surrounding  soil.     The  piles  in  the 

*  Barlow  on  the  Strenffth  of  Materialtf  p.  24.  f  Tredgold*8  Carpentry,  p.  57. 
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foundations  of  the  High  Level  Bridge  at  Newcastle,  erected  by 

Mr.  B.  Stephenson^  were  40  feet  long  and  driven  through  sand  and 

gravel  till  they  reached  the  solid  rock.    One  of  these  foundation 

piles  was  tested  with  a  load  of  150  tons,  which  was  allowed  to 

remain  several  days,  and  upon  its  removal  no  settlement  whatever 

had  taken  place.    The  piles  are  four  feet  from  centre  to  centre, 

filled  in  between  with  concrete  made  of  broken  stone  and  Boman 

cement,  and  the  utmost  pressure  that  can  come  upon  a  single  pile 

is  70  tons,  supposing  none  of  the  weight  to  be  carried  by  the  inter* 

vening  planking  and  concrete*    The  piles  in  the  Boyal  Border 

Bridge,  erected  by  Mr.  Stephenson  over  the  river  Tweed,  in  1850, 

are  American  elm  driven  from  30  to  40  feet  into  gravel  and  sand ; 

the  pressure  on  each  of  these  is  also  70  tons,  neglecting  any 

support  derived  from  the  intervening  soil,t'  and  this  is  the  severest 

load  on  piles  I  find  recorded. 

Assuming  the  piles  in  these  two  instances  to  be  15  inches  square, 

and  that  no  part  of  the  weight  was  supported  by  the  ground 

70 
between  the  piles,  the  pressure  does  not  exceed  yrF^  =  45  tons  per 

square  foot,  or  700  lbs.  per  square  inch ;  if,  however,  the  piles 
were  only  12  inches  square,  the  pressure  is  nearly  1100  lbs.  per 
square  inch.  Some  of  the  uprights  in  the  lofty  scafiblding  on 
which  the  land  spans  of  the  Britannia  Bridge  were  built  carried  28 
tons  per  square  foot,  or  435^  lbs.  per  square  inch.  The  horizontal 
timbers,  however,  were  somewhat  compressed  under  this  load.^  The 
working  load  on  timber  piles,  surrounded  on  all  sides  by  the  ground, 
may  vary,  according  to  Bondelet,  from  427  to  498  fibs,  per  square 
inch,§  and  Professor  Bankine  I  says : — '*  It  appears  from  practical 
examples  that  the  limits  of  the  safe  load  on  piles  are  as  follows : — 

<*  For  piles  driven  till  they  reach  the  firm  ground,  1000  Ifos.  per 
square  inch  of  area  of  head  (=  64*3  tons  per  square  foot). 

'^  For  piles  standing  in  soft  ground  by  friction,  200  fibs,  per  square 
inch  of  area  of  head*'  (=  1285  tons  per  square  foot). 

♦  EneycL  BrU.,  Art.  "  Iron  Bridgea,"  VoL  xii,  Part  iii,  p.  604. 
f  Prac,  Inst.  CJS.,  Vol  z.,  p.  224.  t  Clark  on  the  Tubular  Bridges,  p.  549. 

f  Moiin'B  B£siMta/Me  da  MaUriaux,  p.  71.        II  Mcavufd  of  CwU  Engineering,  p.  602. 

2  K 
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Professor  Bankine's  rule  is  based  on  sound  prindples,  for.  the 
nature  of  the  ground,  and  the  resistance  which  it  offers  to  the  pene- 
tration  of  the  piles,  have  generally  more  to  do  with  their  safe  work- 
ing load  than  the  strength  of  the  timber  has.  As  far  as  the  latter 
alone  is  concerned,  we  might  safely  load  piles  surrounded  by  the 
ground  with  l-5th  of  the  crushing  weight  of  wet  timber,  which, 
according  to  Hodgkinson's  experiments,  is  equivalent  to  a  load  of 
about  1-lOth  of  the  crushing  weight  of  diy  timber  (800).  When, 
however,  loaded  piles  project  above  the  surface  of  the  ground 
they  act  in  the  capacity  of  pillars,  and  their  strength  accordingly 
should  exceed  that  of  piles  surrounded  by  earth.  The  safe  work- 
ing load  of  timber  at  right  angles  to  the  grain  is  about  one-third 
of  that  lengthways.  For  instance,  300  fibs,  per  square  inch  is  a 
sufficient  load  for  pine  or  fir  cross-sleepers,  and,  if  we  estimate  that 
the  pressure  from  the  driving  wheel  is  equal  to  8  tons  when  the 
engine  is  running,  the  bearing  surface  of  the  rail  in  a  cross-sleeper 
road  should  not  be  less  than  from  50  to  60  square  inches.  Three- 
fourths  of  this  will  probably  be  sufficient  if  the  sleepers  are  made 
of  hard  wood.  A  similar  rule  applies  to  timber  wall-plates,  such 
as  those  which  support  the  ends  of  girders. 

FOUNDATIONS,  STONE,  BRICK,  HA80NBT,  CONCRETE. 

489.  WoriclniT  load  on  fimndatlomi  of  earth»  clay»  irrATel 
and  roek. — ^Professor  Bankine  states  that  ^'  the  greatest  intensity 
of  pressure  on  foundations  in  firm  earth  is  usually  from  2,500  ibs. 
to  3,500  fibs,  per  square  foot,  or  from  17  fibs,  to  23  fibs,  per  square 
inch,"  and  that  *^  the  intensity  of  the  pressure  on  a  rock  foundation 
should  at  no  point  exceed  one-eighth  of  the  pressure  which  would 
crush  the  rock."*  Foundations  should  be  placed  sufficiently  deep 
to  protect  them  from  the  influence  of  frost  or  running  water,  nor 
should  it  be  forgotten  that  excavations  and  pumping  operations  in 
the  neighbourhood  of  buildings  frequently  cause  subsidence  of  the 
foundations  and  superstructure.  The  following  table  contains  a 
few  examples  of  heavy  pressures  on  foundations. 

*  Chil  Sngineering,  pp.  880,  877. 
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488*  Worklnir  load  on  rabble  masonry^  brielnrork»  con- 
crete and  ashlar-work. — The  crushing  strength  of  building 
materials  has  been  ahready  given  in  Chap.  XIV.  The  working 
load  on  rubble  masonry,  brickwork,  or  concrete,  rarely  exceeds  one- 
sixth  of  the  crushing  weight  of  the  aggregate  mass,  and  this  seems 
a  safe  practical  limit.  General  Morin,  however,  states  that  mortar 
should  not  be  subject  to  a  greater  pressure  than  one-tenth  of  its 
crushing  weight.*  The  ashlar  voussoirs  of  an  arch,  where  the  line 
of  thrust  may  vary  considerably  from  the  calculated  direction, 
should  not  be  subjected  to  a  greater  (calculated)  pressure  than  one- 
twentieth  of  that  which  would  crush  the  stone.  It  is  safe  to  apply 
the  same  rule  to  all  ashlar-work,  as  it  is  very  difficult,  if  not 
impossible^  to  command  a  perfectly  uniform  pressure  throughout 
the  whole  bed  of  each  stone,  and  a  slight  inequality  in  the  line  of 
pressure  may  cause  splintering  or  flushing  at  the  joints.  Vicaf  s 
experiments  on  plaster  prisms  (889)  and  the  examples  of  pressure 
given  in  the  following  table,  seem  to  show  that  the  weight  on 
stone  columns  may  sometimes  reach  as  high  as  one-tenth  of  the 
crushing  strength  of  the  stone.  This,  however,  is  a  much  severer 
load  than  is  usual  in  modem  practice  and  cannot  be  recommended 
as  very  safe. 

Ex.  What  is  the  safe  load  per  sqiiare  foot  for  brickwork  in  oement,  similar  to  thmt 

whose  cmshing  weight  is  given  at  pw  238.    Here,  the  crashing  weight  =  521  Ibe.  per 

square  inch  =  83*5  tons  per  square  iooi,  and  we  h*ye^ 

83*5 
Aniwetf    Safe  working  load  =  ---  =:  5*6  tons  per  square  foot 

o 
*  £6tiitanee  det  MatSriaux,  p.  51. 
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TABLE  XIL— 

Examples  of  wobkivo  loads  ov  Covobitb. 

Na 

Name 
oftheStnictaie. 

Data. 

MatexlAl. 

Load 

per 

square 

foot. 

ObMrratiODS. 

1 

1 
s 

Charing  Cross 
Bridge. 

Chimney   at 
West  Cum- 
berland 
Haematite 
Iron  Works. 

Base  of  St. 
BoUoz 
chimney, 
Glasgow. 

1868 
1867 

Hawkshaw. 

■ 

Concrete  made 
of  Portland 
cement  and 
Thames, 
gravel,  1+7. 

Concrete  base 
Sfeetthiok, 
made   with 
hydraulic 
lime. 

Strong  con- 
crete or 
beton,  6 
feet  thick. 

tona 
8 

2 

8 

See  Ex.  8,  Table 
IX. 

See  Ex.  7,  Table 
XL      Pressure 
on  ground  ~  1'6 
tons  per  square 
foot 

450  feet  below  the 
summit. 

1  Proe.  InH.  C.B^  Vol.  zjol,  p.  615.    >  Tran$.  IntL  Bug,  in  Scotland,  Vol  zi.,  p.  157. 
'  Rankine's  OivU  Engineering^  p.  878. 

WORKING  LOAD  ON  RAILWAYS. 

489.  A  train  of  engines  10  the  heaviest  worklnir  load  on 
lOO-lbot  raUway  glrdeiw — ^Three-fiinrth0  of  a  ton  per  rnnnlnir 
fbot  l0  the  heaviest  worklnir  load  on  400-fbot  Rirders — 
Weight  of  KnirincA — CSIrders  under  40  feet  llahle  to  eoneen- 
trated  working  loads. — A  train  of  locomotives,  the  weight  of 
which  generally  varies  from  1  to  1^  tons  per  running  foot,  is  the 
heaviest  rolling  load  to  which  a  single-line  railway  bridge  is  liable, 
but  it  rarely  happens  in  practice  that  girders  are  subject  to  a  uniform 
load  of  this  density,  except  in  short  bridges  whose  length  does  not 
exceed  that  of  two  engines  with  their  tenders,  which  may  collectively 
cover  from  80  to  100  feet  of  line.  We  may  therefore  safely 
assume  that  the  maximum  stndn  to  which  the  flanges  of  railway 
girders  100  feet  in  length  are  subject,  does  not  exceed  that  due  to 
the  permanent  bridge-load  plus  a  train-load  of  from  1  to  1^  tons 
(according  to  size  of  engines),  per  running  foot  on  each  line  of  way. 
In  longer  bridges  than  100  feet,  the  train-load  per  running  foot  will 
be  less,  and  in  bridges  of  400  feet  span  or  upwards,  the  greatest 
occasional  load  can  scarcely  exceed  |  ton  per  running  foot  on 
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each  line,  as  this  is  a  denser  load  than  that  of  an  ordinary  goods 
train.* 

Until  lately  it  has  been  usual  to  take  one  ton  per  running  foot 
on  each  line  as  the  ruling  load  for  en^es.  This,  however,  is 
scarcely  safe  practice,  since  many  engines  now  exceed  this,  as  shown 
by  the  following  tables,  for  the  first  of  which  I  am  indebted  to 
A.  McDonnell,  Esq.,  Locomotive  Superintendent  of  the  Great 
Southern  and  Western  Bailway,  Ireland,  and  for  the  second  to 
J.  Ramsbottom,  Esq.,  late  Locomotive  Superintendent  of  the 
London  and  North  Western  Bailway. 

*  ^e  following  memorandum  BhowB  the  weight  of  a  train  of  wagons  loaded  with 
Bolphar  ore  on  the  Dublin,  Widdow  and  Wexford  Railway  >> 

'*  Weight  of  mineral  engine  loaded,  27  tons. 
tender     do.     17    do. 

Length  of  engine  and  tender,  buffer  to  buffer,  44  feet 

Wagon,  empty  4  tons,  loaded  12  tons ;  length  18  feet»  out  to  oat  of  bnffem.  Two 
other  descriptiona  of  wagons,  one  12  feet,  and  the  other  14  feet  6  inches  long,  taking 
one  ton  less  and  weighing  about  5  cwt.  less.  A  mineral  train  of  engine^  20  wagons 
and  yan,  will  weigh  about  280  tons  and  its  length  will  be  about  400  feet  when 
buffers  are  dose  up ;  when  running,  somewhat  longer." 
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Occasional  monster  engines  occur  on  some  railways,  generally 
where  the  gradients  are  unusually  steep,  as  illustrated  in  the 
following  table : — 

TABLE  XVI.— ExAMPUS  of  Movbtib  EHanns  ov  yabioub  BaUiWats. 


1 

Baflway. 

No. 

of 

WtaMla 

• 

Wheel 
iMMe. 

Weight 

Obeenratlona. 

1 

North  London, 

4 

ft       in. 

tons. 
42 

Four  wheels  ooupled. 

1 

Oldham,    - 

6 

— 

49 

Goods  engine  with  6  wheels  con- 
pled  ;  gradient  1  in  27. 

s 

Brecon  &  Meiihyr, 

6 

12      0 

88 

Tank  engine ;  gradient  1  in  88. 

4 

Valeof  Neath,     - 

8 

56 

Tank  engine  with  8  wheels  ooapled; 
aftenraids  altered  into  engine 
with  tender  in  consequence  of 
the  destruction  to  the  pennanent 
wfty ;  gradient  1  in  47. 

5 

ManrittiiB  Bailway, 

8 

15      6 

47 

Tank  engine  with  eight  wheels 
coupled,  4  feet  diameter;  gra- 
dients 1  in  27. 

• 

Northem  Railway 
of  Eranoe, 

12 

19      8 

67i 

Tank  engine  with  4  outside  cylin- 
ders; wheels  ooupled  tosether 
as  in  two  separate  six-wheeled 
ooupled  engines.) 

7 

8 

— 

55} 

— 

8 

Giovi, 

8 

— 

55i 

Four  cylinders. 

9 

Cologne  Minden,  - 

— 

11      2 

82 

— 

10 

KheniBh,    • 

— 

18      0 

89i 

— 

11 

Da 

— 

11      0 

29 

— 

i*Proe,Intt.aE^^ 

ol.,  xzvL,  p.  848, 

888.    »/&u2.,p.  884. 

S7»ui,p.  885. 

•'8/jiei.,pp.37S,848. 

«  iWi.,  pp.  872,  874. 

»  w  »  iWd.,  VoL  XXV.,  p.  486. 

It  has  been  already  shown  in  454  that  railway  bridges  under 
40  feet  span  require  extra  strength  in  consequence  of  high-speed 
trains  increasing  their  deflection,  but  besides  this  they  are  liable  to 
heavier  statical  strains  than  those  due  to  uniform  loads  of  1, 1^, 
or  1^  tons  per  running  foot  on  each  line,  and  their  strength  should 
accordingly  be  greater  in  proportion  than  that  of  girders  which 
exceed  this  span.    If,  for  instance,  a  six-wheeled  engine,  24  feet 
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long  and  weighing  32  tons  on  a  twelve-feet  wheel  base,  rest  on  the 
centre  of  a  bridge  32  feet  in  length,  the  strain  in  the  flanges  is 
obviously  greater  than  would  occur  if  42*7  tons  (=  32  X  IJ)  were 
distributed  uniformly  over  the  whole  length  of  the  bridge.  A 
40-foot  bridge  would,  it  is  true,  have  the  weight  of  only  one  such 
engine  on  the  centre  at  a  time,  and  if  the  load  on  the  middle  pair 
of  wheels  equal  16  tons,  and  that  on  the  leading  and  trailing  pairs 
(6  feet  on  either  side  of  the  centre),  equal  8  tons  respectively,  the 
equivalent  load  concentrated  at  the  centre  of  the  bridge  is  27*2 
tons,  or  54*4  tons  dbtributed.  If  there  were  three  such  engines  in 
a  row,  the  pressure  might  be  slightly  increased  by  the  weight  on 
the  leading  and  trailing  wheels  of  the  extreme  engines,  each  of 
which  would  have  one  pair  of  wheels,  or  8  tons,  resting  on  the 
bridge  within  2  feet  of  the  abutments.  This  is  equivalent  to  I'B 
tons  concentrated  at  the  centre,  or  3*2  tons  distributed  over  the 
bridge.  Adding  this  to  the  54'4  tons  due  to  the  central  engine,  we 
have  a  total  weight  equivalent  to  a  distributed  load  of  57*6  tons,  or 
1'44  tons  per  running  foot.  This  arrangement  of  engines  produces 
the  greatest  strain  at  the  centre  of  the  flanges.  Again,  two  such 
engines  might  stand  with  their  buffers  in  contact  at  the  centre  of  the 
40-foot  bridge,  and,  though  their  outer  ends  would  project  beyond 
each  abutment,  their  collective  wheel  base  would  cover  only  36  feet 
of  the  bridge.  This  arrangement  of  engines  produces  greater 
strains  than  the  former  near  the  ends  of  the  flanges.  Indeed,  these 
end  strains  will  in  some  cases  slightly  exceed  those  given  by  the 
following  rules,  but  this  is  compensated  for  by  the  flanges  being 
generally  made  heavier  near  the  ends  than  theory  requires  (4M). 

490.  Standard  workinir  loads  Ibr  railway  bridices  of 
Tarioos  spaas. — The  following  tables  are  intended  to  give  the 
results  of  the  preceding  observations  in  a  concise  form.  They  are 
based  on  six  assumptions: — 

1.  The  working  load  for  railway  bridges  400  feet  in  length  and 
upwards  does  not  exceed  |  ton  per  running  foot  on  each  line. 

2.  No  more  locomotives  than  will  cover  100  feet  in  length  follow, 
each  other  without  interruption;  hence,  the  working  load  per 
foot  diminishes  as  the  span  increases  from  100  feet  up  to  400  feet. 


CHAP.  XXVIII.]  WORKING  LOAD.  511 

3.  Engines  xnaj  be  arranged  on  bridges  less  than  100  feet  long 
80  as  to  produce  greater  strains  than  would  be  due  to  the  engine 
load  if  it  were  of  uniform  density ;  hence,  the  equivalent  working 
load  per  foot  increases  as  the  span  diminishes  from  100  feet 
downwards. 

4.  Bridges  less  than  40  feet  in  span  are  subject  to  concentrated 
loads  from  mngle  en^es,  as  well  as  to  extra  deflection  from  high- 
speed trains. 

5.  The  standard  locomotive  is  assumed  to  be  24  feet  long  and  to 
have  6  wheels  with  a  12  feet  base;  to  have  half  its  weight  resting 
on  the  middle  wheels,  and  one-fourth  on  the  leading  and  trailing 
purs  respectively,  which  are  supposed  to  be  at  equal  distances  on 
either  side  of  the  middle  wheels. 

6.  Standard  Engines  are  assumed  to  weigh  24  tons,  30  tons,  and 
32  tonSy  according  to  their  construction.  This  makes  the  standard 
load  1  ton,  1^  ton,  or  1^  ton  per  foot  run  of  single  line,  according 
to  the  weight  of  the  engines  which  work  it,  but  it  is  safest  to  take 
the  higher  standards  for  the  railways  in  Great  Britain,  as  they  are 
so  interlaced  that  engines  may  pass  from  one  line  to  another,  and  it 
is  quite  possible  that  we  have  not  yet  arrived  at  the  limit  of  weight. 

BBID6ES  FBOM  40  TO  400  FEET  IN  LENGTH. 

If  the  standard  working  load  (the  heaviest  engine)  on  a  100-foot 

bridge  weigh  1  ton  per  foot,  while  that  on  a  400 -foot  bridge  weighs 

*75  tons  per  foot,  the  difference  (=  '25  ton  per  foot)  must  be 

gradually  distributed  among  the  intervening  300  feet;  in  other 

•25 
words,  the  difference  for  each  10  feet  in  length  =  -^  =  -0083  tons. 

The  differences  for  the  other  standards  may  be  found  in  a  similar 
way,  and  the  following  table  contains  the  values  of  the  working 
loads  corresponding  to  the  three  standards  for  bridges  of  various 
lengths  between  40  and  400  feet. 
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TABLE  XYIL^WoBKiNQ  livb  loads  tob  Railway  Bbidgis 

TBOM  40  TO  400  FSBT  IK  LBNOTH. 


Length 

of  bridge 

in  feet 


40 

50 

60 

70 

80 

90 

100 

120 

140 

160 

180 

200 

250 

300 

850 

400 


Working  load  In  tons  per  running  foot  of  sln^e  line, 


when  the 

■tandard  load  on  a 

lOO-foot  bridge  = 

1  ton  per  foot 


105 

1.-04 

1-08 

1-08 

1-02 

1-01 

TOO 

•98 

•97 

•95 

•98 

-92 

•88 

•88 

•79 

•76 


when  the 

standard  load  on  a 

lOObfoot  bridge  = 

1|  ton  per  foot 


when  the 

standard  load  on  a 

100-foot  bridge  = 

1^  ton  per  foot 


1^85 
1-33 
1-32 
1-30 
1-28 
1-27 
1*26 
1-22 
1^18 
1^15 
1^12 
1^08 
100 
•92 
•83 
•76 


1-45 
1-43 
1-41 
1^39 
1^37 
1-35 

1*88 

1-30 
1-26 
122 
118 
1^14 
1^04 
•94 
•85 
•76 


BRIDGES  UNDER  40  FEET  IN  LENGTH. 

Bridges  under  40  feet  in  length  should  be  strong  enough  to 
support  a  standard  engine  resting  at  the  centre  of  the  bridge. 
The  following  is  an  approximate  method  of  calculating  the  value 
of  the  working  load  corresponding  to  each  standard.  First,  find 
what  load  concentrated  at  the  centre  of  the  bridge  will  produce  a 
strun  in  the  centre  of  the  flanges  equivalent  to  that  due  to  the 
standard  engine;  twice  this  may  be  taken  as  the  equivalent 
uniformly  distributed  load,  which  again,  divided  by  the  span,  gives 
the  working  load  per  running  foot  required,  as  contained  in  the 
following  table: — 


OHAP.  XXVIII.] 


WOBKING  LOAD. 


513 


TABLE  XVnL— WoBKora  Lin  Loads  roB  Railway  Bbidou 

uvDiB  40  FUT  nr  LivaTH. 


Leaffh 

of  toid^ 

In  foot 

Working  load  In  tona  pflrmnning  foot  of  dngle  line, 

whonthe 
•tendard  lood  on 
a  100-foot  bridge 
—  1  ton  per  fool 

when  the 

standard  load  on 

a  100.foot  bridge 

=:  li  ton  per  foot. 

when  the 

a  100-foot  bridge 
=sl|  ton  per  foot. 

12 
16 
20 
24 
28 
32 
86 

20 

1-88 

1-68 

1-6 

1-85 

1-22 

1-11 

2-5 

2*34 

2-1 

1*87 

1-68 

1*63 

1-39 

2*67 

2*5 

2*24 

2-0 

179 

1*62 

1-48 

It  will  be  pradent  to  adopt  the  highest  standard  for  railway 
bridges  under  40  feet,  since  loads  in  rapid  motion  have  a  much 
greater  effect  on  these  short  bridges  than  on  longer  and  heavier 
ones,  and  if  velocities  of  50  miles  an  hour  are  anticipated,  it  will 
be  well  to  add  from  10  to  20  per  cent,  to  the  above  tabulated 
working  loads  of  bridges  under  40  feet  (454).  Short  railway 
girders  are  so  light  in  proportion  to  the  passing  load,  that  it  is  a 
good  plan  to  bed  them  on  thick  timber  wall  plates,  which  act 
as  elastic  cushions  and  prevent  the  masonry  of  the  abutments 
from  being  shaken  to  pieces  by  the  vibration  of  heavy  trains. 

491,  ISllteet  oC  eoneentrated  loads  apon  the  web. — The 
weight  of  a  heavy  engine  may,  as  already  explained,  be  concen- 
trated within  a  short  wheel  base  and  thus  produce  a  great  local 
pressure  on  one  or  two  cross-girders,  which  they  again  will  transmit 
to  one  or  two  points  in  each  main  girder.  It  might  even  happen 
in  a  lattice  girder  that  the  intervals  of  the  bracing  and  cross- 
girders  were  such  as  to  throw  the  load  from  several  successive 
pairs  of  wheels  on  one  system  of  diagonals,  which  would  thus  be 
liable  to  excessive  strain.  We  have,  it  is  true,  some  compensation 
for  this;  first,  in  the  rigidity  of  the  flanges,  platform,  sleepers, 

and  rails,  all  of  which  help  to  distribute  the  weight;  and  secondly, 

2  L 
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in  the  fact  that  the  bracing  of  the  central  parts  of  small  girders 
is  for  practical  reasons  generally  made  stronger  than  theoiy 
requires  (4S0),  and  it  will  generally  be  found  sufficient  to  calculate 
the  web  strains  on  the  supposition  that  the  passing  load  is  of 
uniform  density^  and  equal  in  weight  per  running  foot  to  the 
working  loads  given  above. 

499.  Proof  load  of  railway  bridseo — ^Ba^ltol^  praetiee — 
Freneh  C^OTernmeBt  mle* — ^No  definite  rule  has  been  yet  made 
by  the  Board  of  Trade  for  the  proof  load  of  railway  girder  bridges, 
but  it  is  a  common  practice  on  the  inspection  of  any  important 
bridge  to  load  each  line  with  as  many  engines  and  tenders  as  the 
bridge  will  hold,  and  measure  the  corresponding  deflection.  This 
proof  is  generally  assumed  to  vary  from  1  ton  per  running  foot  on 
the  longer  bridges  to  1^  ton  on  the  shorter  ones ;  but  when  a  bridge 
exceeds  a  certain  span,  say  150  feet,  it  is  obviously  unreasonable  to 
cover  it  with  heavy  engines,  and  ballast  wagons  may  be  used  along 
with  two  or  three  engines  so  as  to  bring  the  proof  load  more  in 
accordance  with  Table  XYII. 

The  following  are  the  French  Ministerial  regulations  for  the 
proof  loads  of  wrought-iron  railway  bridges : — 

a.  For  bridges  under  20  metres  each  span,  a  dead  load  of  5,000 
kilogrammes  per  running  metre  of  each  line  (=  1*5  tons  per  running 
foot). 

b.  For  bridges  exceeding  20  metres  each  span,  a  dead  load  of 
4,000  kilogrammes  per  running  metre  of  each  line  (=1*2  tons  per 
running  foot),  but  in  no  case  less  than  100,000  kilogrammes. 

c.  In  addition  to  the  foregoing  proof  by  dead  weight,  a  train 
composed  of  two  engines  (each  weighing  with  its  tender  at  least 
60  tons),  and  wagons  (each  loaded  with  12  tons),  in  sufficient 
number  to  cover  at  least  one  span,  is  driven  across  at  a  speed  of 
from  20  to  35  kilometres  (12  to  22  miles)  per  hour. 

d.  A  second  trial  is  made  by  driving  at  a  speed  of  from  40  to 
70  kilometres  (25  to  43  miles)  per  hour  a  train  composed  of  two 
engines  (each  with  its  tender  weighing  35  tons),  and  wagons  loaded 
as  in  ordinary  passenger  trains,  in  sufficient  number  to  cover  at 
least  one  span. 
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e.  For  bridges  with  two  lines  the  trains  are  made  to  traverse  each 
le,  at  first  in  parallel,  and  then  in  opposite  directions  so  that  the 
dns  may  meet  at  the  centre. 

WOBKING  LOAD  ON  PUBLIC  BRIDGES  AND  BOOF8. 

'  \9Z*  Hlen  marchinir  in  step  and  numinir  cattle  are  the 
severest  loads  on  sospenslon  bridges — A.  crowd  of  peoiile  is 
the  greatest  dlstrlbnted  load  on  a  public  brldir^ — ^French 
and  Bni^lish  practice — 100  lbs.  per  sqnare  Ibot  recom- 
mended Ibr  the  standard  workinir  load  on  public  bridges — 
Public  bridges  sometimes  liable  to  concentrated  loads  as 
high  as  19  tons  on  one  wheeL — ^It  is  generally  considered 
that  infantry  marching  in  step  will  strain  suspension  bridges 
far  more  severely  than  any  other  form  of  passing  load.  The 
actual  dead  weight  of  troops  on  the  march  is  said  to  be  about 
35  lbs.  per  square  foot,  but  this  statical  load  does  not  represent 
the  true  strain  due  to  troops  marching  in  step ;  on  this  subject 
Drewry  came  to  the  following  conclusions : — "  1st,  That  any  body 
of  men  marching  in  step,  say  at  three  to  three  and  a  half  miles 
per  hour,  will  strain  a  bridge  at  least  as  much  as  double  their 
weight  at  rest ;  and,  2nd,  that  the  strain  they  produce  increases 
much  faster  than  their  speed,  but  in  what  precise  ratio  is  not 
determined.  In  prudence,  not  more  than  one-sixth  of  the  num- 
ber of  infantry  that  would  fill  a  bridge,  should  be  permitted  to 
march  over  it  in  step;  and  if  they  do  march  in 'step,  it  should 
be  at  a  slow  pace.  The  march  of  cavalry,  or  of  cattle,  is  not  so 
dangerous;  first,  because  they  take  more  room  in  proportion  to 
'"Obeir  weight;  and  secondly,  because  their  step  is  not  simul- 
taneous."* Kef  erring  to  the  Niagara  Falls  Suspension  firidge 
)1t,  Boebling  observes — *'  In  my  opinion  a  heavy  train,  running  at 

speed  of  twenty  miles  an  hour,  does  less  injury  to  the  structure 
han  is  caused  by  twenty  heavy  cattle  under  a  full  trot.    Public 

x)cessions  marching  to  the  sound  of  music,  or  bodies  of  soldiers 

aping  regular  step,  will  produce  a  still  more  injurious  effect."t 
crowd  of  people  constitutes  the  greatest  distributed  load  on  a 

*  Drewiy  on  Sutpeimon  BridgeSf  p.  190. 

t  Papers  and  Practical  lUtutraHon^  ofPMic  Worhi,  p.  29.    Weale,  London. 
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public  bridge,  and  15  adults  are  generally  estimated  to  weigh 
1  ton,  which  gives  an  average  of  149*3  &s.  to  each  adult.  Different 
statements,  however,  have  been  made  respecting  the  number  of 
people  that  can  stand  in  a  given  space,  and  in  order  to  test  this 
I  packed  twenty-nine  Irish  artisans  and  one  boy,  taken  from  a 
forge  and  fitting  shop,  and  weighing  collectively  4,382  lbs.  or 
146  lbs.  per  individual,  on  a  weigh-bridge  6'  1"  X  4'  10"  =  29*4 
square  feet.  In  this  experiment  the  men  overhung  the  edges  of 
the  weigh-bridge  to  a  slight  extent  and  gave  too  high  a  result, 
and  accordingly,  on  another  occasion  I  packed  58  Irish  labourers, 
weighing  8,404  ibs.  or  145  lbs.  a  man,  in  the  empty  deck-house 
of  a  ship,  9'  6''  X  6'  0"  =  57  square  feet ;  this  gives  a  load  of 
147*4  &s.,  or  very  nearly  one  man  per  square  foot,  and  is,  I  believe, 
a  perfectly  reliable  experiment.  Such  cramming,  however,  could 
scarcely  occur  in  practice  except  in  portions  of  a  strongly  excited 
crowd,  but  I  have  no  doubt  that  it  does  occasionally  so  occur. 
The  standard  proof  load  for  suspension  bridges  in  France  was 
formerly  200  kilogrammes  per  square  metre,  =  41  lbs.  per  square 
foof  This  may  be  a  sufficient  standard  for  bridges  ^-ith  gate- 
keepers  at  the  ends  to  prevent  overcrowding,  but  it  is  obviously 
insufficient  for  bridges  which  are  free  to  the  public,  especially  in 
the  vicinity  of  towns,  and  modem  French  practice  seems  to  have 
raised  the  standard  to  82  ibs.  per  square  foot.t  Drewry  adopted 
70  lbs.  per  square  foot  of  platform  as  the  greatest  load  that  a  public 
bridge  would  sustain  if  covered  with  people,  t  Tredgold  and  Pro- 
fessor Rankine  estimate  the  weight  of  a  dense  crowd  at  120  lbs.  per 
square  foot,§  and  the  late  Mr.  Brunei  is  said  to  have  used  100  lbs. 
in  His  calculations  for  Hungerford  Suspension  Bridge.  Mr. 
Hawkshaw  adopted  80ibs.  per  square  foot  for  the  footpaths  of 
Charing  Gross  Bridge,)  and  (in  conjunction  with  Mr.  W.  H. 
Barlow)  70  ibs.  for  the  Clifton  Suspension  Bridge,T  where  there  are 

*  Drewiy  on  Suipenrion  BndgtB^  p.  113. 

t  Tranu,  Soc  ofEmg,fw  1866,  p.  197. 

X  T>Tvwtj  on  StupeMkn  Bridge*,  p.  189. 

§  Tredgold*8  Cdrpmtry,  p.  169,  and  Bankme's  Oiml  Engineering,  p.  466. 

II  Proc  IntL  0.  E,,  VoL  zzii.,  p.  584. 

%  Idem,  Yol.  xxvi.,  p.  248. 
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toll-gates  and  regulations  that  carriages  and  horses  shall  cross  at  a 
walking  pace.  In  my  own  practice,  I  adopt  100  !bs.  per  square 
foot  as  the  standard  working  load  distributed  uniformly  over  the 
whole  surface  of  a  public  bridge,  and  140  fibs,  per  square  foot  for 
certain  portions  of  the  structure,  such,  for  example,  as  the  foot- 
paths of  a  bridge  crossing  a  navigable  river  in  a  city,  which  are 
liable  to  be  severely  tried  by  an  excited  crowd  during  a  boat  race, 
or  some  similar  occasion.  Public  bridges  are  also  subject  to  con- 
centrated loads  at  single  points  of  quite  as  severe  a  character  as 
those  to  which  railway  bridges  are  liable ;  if,  for  instance,  a  marine 
boiler,  a  large  cannon,  an  iron  girder,  a  heavy  forging  or  casting 
be  conveyed  across  a  public  bridge,  the  weight  resting  on  a  single 
pair  of  wheels  may  reach  or  even  exceed  16  tons.  For  example, 
the  crank  shaft  of  H.M.  armour-plated  ship  Hercules — weighing, 
shaft  and  lorry,  about  45  tons  on  four  wheels— was  refused  a 
passage  across  Westminster  iron  bridge  in  1866  for  fear  of  injury 
to  the  bridge,  and  had  to  be  conveyed  across  Waterloo  stone 
bridge,*  and  I  am  informed  that  even  much  lighter  weights  are 
habitually  sent  round  by  the  stone  bridge.  It  is  necessary  there- 
fore to  make  not  only  the  main  ribs  and  cross-girders,  but  every 
part  of  the  sheeting  or  platform  on  which  the  road  material  rests, 
strong  enough  to  bear  heavy  local  loads,  which,  as  we  have  seen 
in  the  foregoing  instance,  may  sometimes  reach  nearly  12  tons  on 

a  single  wheel. 

494.  Welirl^t  of  rooilBfr  materiaUi  and  worldnir  ioad  on 
roolli — ^Weisht  of  «now — PrcMiire  of  wind  nsninst  roollk — 

The  following  table  contains  the  weights  of  various  roofing 
materials,  exclusive  of  framing,  which  is  given  separately. 

*  Engineer,  VoL  xxii.,  p.  298,  Oct,  1866. 
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TABLE  XIX.— WsioHTS  of  vabioub  Boonvo  MATiBiALa. 


Kind  of  eoTering. 

Lba.  per  aqomre 

foot  of  roof 

■orfaoa. 

Copper,              -                         -    •        - 
Load.    ...                        -            .- 
Zinc,  18  to  16  zinc  gauge, 
Coiragated  iron,  20  to  16  B.  W.  G.,    - 
SUting,  first  quality,    .... 

Do.,    aeoond  quality, 
Bendering  of  Mortar*  4  ^ch  tbick. 
Stone  aUte,       ..... 

Plain  tileB, 

Pantiles,           ..... 
Thatch  of  straw,           .... 
Ordinary  timber  framing  for  slated  roofs. 
Boarding  ]  inch  thick, .... 
Do.    li       dow,        .... 
i  inch  glass,  exclusive  of  sash,  bars,  or  frames, 

• 

1-0 
6to8 

1*5  to  2 

2-5  to  4 
6to7 
8to9 
5to6 

24 

18 

6-5 

6-5 
5to6 

2-5 

4-2 

8-5 
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The  following  table  gives  the  size  and  weight  of  Welsh  slating, 
and  the  number  of  squares  (100  square  feet)  of  roof  each  mil.  of 
1,200  slates  will  cover,  4  inches  being  allowed  for  lap. 

TABLE  XX.— WnoHT  of  Welsh  Sultoto. 


Kind  of  date. 

Weight  per  mlL  of  l,90a 

1,900  will  coTer 
•qoaretofroof. 

Irt  qnaUtj. 

fod  qtuOltj. 

in.     in. 

owl 

cwt. 

PrinoeasM, 

24X14 

70 

90 

12 

DochesMt, 

24X12 

60 

81 

10 

MarchioneaB, 

22X12 

65 

70 

9 

CoontesB, 

20X10 

40 

58 

7 

VisoountesB, 

18X10 

86 

47 

6 

Ladies, 

16X10 

81 

42 

fi* 

Do. 

16  X    8 

25 

88 

4 

Do. 

14X12 

38 

44 

H 

Da 

14  X    8 

22 

27 

84 

Doubles, 

18X10 

25 

81 

4 

Do. 

18  X    7 

174 

21 

24 

Do. 

12  X    8 

184 

22 

24 

Queens-ton  slates  are  from  27  to  36  inches  long  and  of  various 
breadths;  20  cwt.  will  cover: — 1st  quality,  3  to  3^  squares;  2nd 
quality,  2|  to  3  squares. 

The  following  table  contains  particulars  of  some  large  station 
roofs.* 

•  Proc,  IntL  C.E.,  Vols,  ix.,  xir.,  xxvii, 
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When  the  weight  of  the  covering  per  square  foot,  and  the 
distance  of  the  principals  apart,  are  constant  for  roofs  of  different 
spans,  the  weights  of  the  principals  will  vary  nearly  as  the  squares 
of  the  spans  (994),  and  if  estimated  per  square  of  ground;  directly 
as  the  spans ;  acting  on  this  rule,  Mr.  W.  H.  Barlow  states  that 
with  an  ordinary  truss,  (he  distance  between  the  principals  being 
30  feet,  and  the  covering  being  boarding,  slating  and  glass,  the 
weight  of  metal  required  in  the  principals  can  be  expressed 
approximately  in  tons  per  square  of  ground  covered  (100  square 
feet),  by  dividing  the  span  in  feet  by  320,  which  gives  the  fol- 
lowing weights  for  different  spans:— 

Span  of  roof  in  feet.  Weight  of  Principals  in  tons, 

per  square  of  ground  covered. 

80 -250 

120 -375 

160  .     .     -     -     -  -500 

200 -625 

240 -750 

The  previous  remarks  apply  more  especially  to  large  roofs  whose 
principals  are  far  apart.  In  smaller  roofs,  say  under  120  feet  span^ 
it  is  unusual  to  place  the  principals  farther  apart  than  from  8  to 
12  feet,  and  Mr.  Henderson  states  the  results  of  his  experience 
regarding  these  in  the  following  terms.* 

"  If  a  roof  was  to  be  covered  with  slates,  either  laid  upon  iron 
laths,  or  upon  boarding,  for  ordinary  spans,  the  principals  would  be 
fixed  8  feet  apart,  from  centre  to  centre ;  whilst  if  the  roof  was  to 
be  covered  with  corrugated  iron,  either  painted  or  galvanized,  the 
principals  would  be  12  feet  apart,  from  centre  to  centre,  and  purlins 
of  T  iron  would  be  used  to  carry  the  corrugated  iron.  The 
distance  of  8  feet  apart  for  the  principals,  in  the  former  case,  was 
fixed  by  the  fact  of  that  being  the  greatest  limit  to  which  it  was 
safe  to  go  with  the  ordinary  L  iron  laths,  in  one  case,  and  1^  inch 
boarding  in  the  other.  The  distance  of  12  feet  apart,  for  the 
principals  of  roofs  covered  with  corrugated  iron  was  arrived  at,  by 
that  being  about  the  limit  to  which  purlins  of  T  iron  4  inches  deep 

♦  Proc  Intt.  C,B,y  Vol  xiv.,  p.  268. 
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could  be  applied,  and  from  the  fact  of  the  same  strength  which 
would  suffice  for  principals,  placed  at  distances  of  8  feet  apart  for  a 
slated  roof,  being  also  sufficient  when  placed  at  12  feet  apart,  if  the 
roof  was  covered  with  corrugated  iron,  on  account  of  that  covering, 
with  its  supports,  being  so  much  lighter  than  a  covering  of  slates 
with  their  supports,  that  expression,  '  supports,'  being  intended  to 
apply  only  to  the  laths  and  the  boarding,  or  purlins,  as  the  case 
might  be*  The  four  descriptions  of  coverings,  including  every- 
thing except  the  principals  themselves,  might  be  stated  to  be  of  the 
following  values  per  square  ^n  the  year  1855) : — 

"  1st.  A  covering  consisting  of  L  iron  laths  and  slating,  including 
the  laths,  slates,  gutters,  skylights,  louvre  standards  and  blades, 
rain-water  pipes,  glass,  and  painting  complete,  at  £5  10s.  per  square. 

'^  2nd.  A  covering  consisting  of  1^  inch  beaded  boarding,  grooved 
and  tongued  with  iron  tongues,  including  the  boarding,  slates, 
gutters,  skylights,  louvre  standards  and  blades,  rain-water  pipes, 
glass  and  painting  complete,  at  £5  178.  6d.  per  square. 

^*  3rd.  A  covering  consisting  of  T  iron  purlins  and  corrugated 
sheet  iron  No.  18  B.W.G.,  painted  with  four  coats  on  each  side, 
including  the  purlins,  the  sheet  iron  covering,  the  skylights,  the 
louvre  standards  and  blades,  rain-water  pipes,  glass,  and  painting 
complete,  at  £6  12s.  6d.  per  square. 

^*  4th.  A  covering  consisting  of  T  iron  purlins,  and  corrugated 
galvanized  sheet  iron  No.  18  B.W.G.,  including  the  purlins,  the 
sheet  iron  covering,  the  skylights,  the  louvre  standards  and  blades, 
rain-water  pipes,  glass,  and  painting  complete,  at  £7  per  square. 

"  The  whole  of  the  above  calculations  were  based  upon  the  case 
of  a  roof  of  60  feet  span  in  the  clear,  from  centre  to  centre  of  the 
shoes,  with  one-third  of  the  entire  surface  of  covering  glazed,  and 
with  a  raised  louvre  over  the  centre,  for  ventilation.  For  roofs  of 
60  feet  square,  such  as  the  above  covering  vras  intended  for,  the 

*  "  This  is  perhi^s  not  quite  coirect,  because,  althongli  the  prinoipals  and  ooveiizig  are 
much  lighter,  yet  in  order  to  make  a  fair  comparison,  the  same  strength  ought  to  be 
provided  for  wind  and  weather ;  but  the  truth  is,  that  corrugated  iron  covering  has 
generally  been  introduced  with  a  view  to  economy,  and  the  principals  have  been  made, 
even  comparatively,  somewhat  lighter  and  not  so  strong  as  for  slated  roofs." 
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principals  placed  in  the  one  case  8  feet  apart,  fr6m  centre  to  centre, 
and  in  the  other  case  12  feet  apart,  from  centre  to  centre,  would 
weigh  about  18  cwt.  and  cost  about  £25.  In  the  one  case  each 
principal  would  serve  for  about  five  squares  of  roofing,  measured  on 
plan,  and  in  the  other  case  for  about  seven  squares  and  a  half. 
It  therefore  followed,  that  the  weight  per  square,  in  the  one  case, 
would  be  about  3  cwt.  2  qrs.  24  ib.,  and  in  the  other  case,  about 
2  cwt.  1  qr.  per  square,  whilst  the  cost,  in  the  one  case,  would  be 
£5  per  square,  and  in  the  other  case,  a  little  more  than  £3  lOs. 
The  average  weight  of  covering,  if  slating  was  used,  would  be 
about  9  cwts.  per  square,  and  if  galvanized  iron  was  used  it  would 
not  exceed  5^  cwts.  per  square.  The  foregoing  facts,  in  reference 
to  covering,  might  be  considered  to  hold  good  for  all  cases,  where 
a  similar  description  of  roofing  was  used,  with  principals  8  feet 
apart  in  the  pne  case,  and  12  feet  apart  in  the  other,  and,  of  course, 
it  would  be  understood  that  these  dimensions  were  ^ven  as  the 
extreme  limits.  If  the  principals  were  fixed  further  apart,  the 
strength  of  the  supports  of  the  covering  tnust  be  increased,  and 
that  would  augment  the  expense.  For  instance,  taking  a  roof 
where  the  principals  were  fixed  24  feet  apart,  from  centre  to 
centre,  the  purlins  would  have  to  be  increased  in  strength  to  such 
an  extent  as  would  double  the  price  per  square  for  the  purlins 
themselves,  but  the  expense  of  the  other  part  of  the  covering  would 
not  be  altered.  As  already  stated,  for  a  roof  of  60  feet  span,  the 
principals  themselves  would  weigh  18  cwts.  each,  and  these  prin- 
cipals might  be  used  either  8  feet  apart  or  12  feet  kpwct,  according 
to  the  covering  adopted.  For  roofs  of  greater  spans  the  weight  of 
the  principals  would  increase  as  the  squares  of  the  span  (the  load  per 
superficial  foot  and  the  pitch  of  the  rafter  being  the  same),  so  that 
the  weight  of  a  principal,  for  a  roof  of  120  feet  span,  would  be 
72  cwts.,  but  of  course  some  trifling  alterations  in  the  Weight  might 
arise  from  variations  in  the  details  and  connexions.** 

Morin  states  that  snow  weighs  ten  times  less  thai!  water,  and 
that  it  maj  accumulate  on  roofs  to  half  a  metre,  Or  nearly  20 
inches  in  depth,  when  it  will  weigh  10  tt>s.  per  square  foot.*    Mr. 

•  JUtUtanoe  da  Ma^riaux^  p.  882. 
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Zerah  Colbum  estimates  that  the  weight  of  saturated  snow  on 
bridges. in  America  is  equal  to  6  inches  of  water,  or  30ft>8.  per 
square  foot  over  the  whole  floor  of  a  bridge.*  The  maximum 
pressure  of  wind  against  bridge  girders  has  been  already  given  in 
440  as  equivalent  to  a  horizontal  pressure  of  25  lbs.  per  square 
foot  of  vertical  surface.  The  slope  of  a  roof  must  greatly  diminish 
this,  and  it  will  be  sufficient  to  assume  the  majdmum  effi>rt  of  the 
wind  against  a  sloped  or  curved  roof  to  be  equivalent  to  a  down- 
ward pressure  of  20  ft>s.  per  square  foot,  acting  separately  on  each 
side.  For  ordinary  roofs  in  the  English  climate  it  will  be 
sufficiently  accurate  if  we  calculate  their  strength  on  the  suppo- 
sition that  they  are  liable  to  the  following  loads : — 

1^.  A  uniform  load  of  40  fbs.  per  square  foot  of  ground  surface, 
distributed  over  the  whole  roof. 

2°.  A  uniform  load  of  40  ibs.  per  square  foot  of  ground  surface 
distributed  over  the  weather  side  of  the  roof,  and  20  ibs.  on  the 
other  side  which  is  away  from  the  wind.  This  40  lbs.  will  generally 
cover  the  weight  of  slates,  boarding  or  laths,  purlins,  framing  or 
principals,  snow  and  wind  for  roofs  under  100  feet  in  span.  For 
roofs  exceeding  100  feet  in  span,  we  may  assume  that  the  total 
load  is  increased  by  1  tt>.  per  additional  10  feet — ^thus,  the  load  for 
calculation  on  a  200  feet  roof  will  be — 

V.  A  uniform  load  of  50  tt>s'.  per  square  foot  of  ground,  dis- 
tributed over  the  whole  roof. 

2^.  A  uniform  load  of  50  fibs,  per  square  foot  of  ground  plan 
distributed  over  one  half  the  roof,  and  30  fibs,  on  the  other.  When 
the  strength  of  roof  is  calculated  by  the  foregoing  rules,  the 
working  strain  in  iron  tie  rods  may  be  as  high  as  7  tons  per 
square  inch  of  net  area,  unless  they  are  welded,  or  unless  their 
section  is  very  small,  in  either  of  which  cases  5  tons  will  be 
enough. 

♦  Proo.  IntL  C.  E.,  Vol  xxii,  p.  646. 
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CHAPTER  XXIX, 


ESTIMATION  OF  OIBDEB-WOBE. 


405.  Theoretic  and  empirleal  qaanUUes — ^Allowance  ibr 
liret  holes  In  parts  In  tension  i^enerallj  varies  from  one- 
third  to  one-fifth  of  the  net  section. — Chapter  X.  contains 

f onnulffi  for  calculating  the  theoretic  amount  of  material  required 
for  braced  girders  with  horizontal  flanges,  when  their  length,  depth, 
load  and  unit-strain  are  known.  In  order  to  render  these  formulae 
of  practical  use  in  estimating  girder- work,  certain  large  additions, 
derived  from  experience,  must  be  added  to  the  theoretic  quantities. 
If,  for  instance,  the  girder  be  made  of  wrought-iron,  the  formulas 
are  based  on  the  supposition  that  the  material  is  in  one  continuous 
piece  whose  whole  section  is  equally  effective  for  resisting  strain. 
This  is  not  the  case  in  reality,  for  rivet  holes  in  parts  subject  to 
tension,  stiffeners  in  those  subject  to  compression,  covers,  packing, 
rivet  heads  and  waste — all  require  certain  additions  to  the  theoretic 
quantities  which  experience  alone  can  supply.^  When  the  general 
design  is  arranged,  it  is  easy  to  estimate  the  increased  percentage 
of  material  arising  from  the  weakening  effect  of  rivet  holes  in  parts 
subject  to  tension  (496).  In  girder-work  the  allowance  for  rivet 
holes  generally  varies  from  one-third  to  one-fifth  of  the  net  sectional 
area  according  to  the  design ;  the  larger  allowance  of  one-third  may 
be  required  for  the  tension  diagonals  of  small  girders ;  a  medium 
allowance  of  one-fourth  for  the  tension  diagonals  of  large  girders 
and  the  tension  flanges  of  small  ones ;  and  an  allowance  of  one- 
fifth  for  the  tension  flanges  of  large  girders. 

406.  Allowance  Ibr  stIfReners  In  |iarts  In  compression 
Tarles  accordlni^  to  their  sectional  arear-I^ari^  compression 
llani^es  seldom  require  anj  allowance  fbr  sturenlng^ — €3om- 
•presslon  braclnir  requires  laripe  percentap^es. — The  additional 
percentage  of  material  required  to  withstand  flexure  or  buckling  in 
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parts  subject  to  compression  is  not  so  easily  estimated.    It  will 

generally  be  found  to  diminish  in  proportion  as  the  area  of  the 

part  increases,  for  when  the  area  is  considerable,  a  stiff  form  of 

cross  section  may  be  given  with  little  or  no  extra  material.     This 

is  frequently  the  case  with  the  compression  flange,  especially  in 

large  girders.    Long  compression  braces,  however,  requi^  much 

extra  stiffening  and  the  amount  of  this  varies  within  considerable 

limits.     In  the  Boyne  Lattice  Bridge  the  extra  material  required 

to  stiffen  the  various  compression  braces  varied  from  60  to  128 

per  cent,  of  the  theoretic  amount  (calculated  at  4  tons  per  square 

inch)  which  would  have  been  required  to  resist  crushing  merely,  if 

flexure  had  been  left  out  of  consideration,  the  higher  percentages 

being  required  in  the  central  diagonals  whose  scantlings  were 

small,  since  they  had  to  sustain  but  slight  strains.    In  bridges 

above  250  feet  span,  with  two  main  girders  and  a  double  line  of 

raUway,  a  sufficiently  close  approximatioii  will  generally  be  made " 

if  we  assume  the  extra  quantity  of  material  to  resist  flexure  in  the 

compression  bracing  equal  to  as  much  again  as  the  theoretic 

quantity  calculated  by  the  formulas,  but  when  the  bridge  is 

designed  for  a  single  line  of  railway  this  percentage  is  insufficient ; 

perhaps,  in  this  case  twice  the  theoretic  quantity  would  generally 

be  a  safe  allowance,  as  the  extra  quantity  required  for  stiffening 

the  compression  bracing  of  a  single-line  bridge  is  not  widely 

different  from  that  required  for  the  double  line. 

409.  Allowance  fbr  eoFers  In  flanirefi  Taries  from  19  to 
15  per  cent*  of  the  iTOfl0  section — lEiMmaUn^  girdeivwork 
a  tentatlFC  proce«8« — The  allowance  for  covers  will  also  vary 

much  with  the  design,  long  flange-plates  requiring  fewer  covers 

than  short  ones  (468  to  465).     In  the  piled  flanges  of  the  Boyne 

lattice  girders,  the  covers  formed  about  12  per  cent.,  or  nearly 

l-8th,  of  the  plates  and  angle  iron.    In  the  cellular  flanges  of  the 

Conway  tubular  bridge,, the  covers  of  the  compression  flange  formed 

5  per  cent,  of  the  plates  and  angle  iron,  and  those  of  the  tension 

flange  28  per  cent.;  adding  both  flanges  together,  the  covers 

formed  about  15  per  cent,  of  the  plates  and  angle  iron.* 

*  Clark  on  the  TutnOar  Bridget,  p.  588. 
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The  process  of  estimating  the  quantifies  in  any  proposed  bridge 
is  tentative  and  depends  upon  experience,  for  it  is  necessary  to 
assume  a  weight  for  the  permanent  bridge-load,  and  then  make  the 
calculations  with  the  various  practical  allowances  above  mentioned. 
Now,  the  resulting  weight  from  this  calculation  may  not  agree 
with  that  which  has  been  assumed.  In  this  case  the  first  estimate 
gives  an  approximation  for  a  second  calculation,  and  even  a  third 
may  be  necessary  where  great  nicety  is  required.  The  following 
examples  will  illustrate  this  method  of  forming  estimates: — 

Example  1. 
408.    Doable-Uiie   laMce  bridge  M9  feet  lan^. — I  shall 

select  for  the  first  example  a  wrought-iron  lattice  bridge  for  a 
double  line  of  railroad  of  the  same  length,  depth  and  width  as  tiie 
central  span  of  the  Boyne  Lattice  Bridge,  the  weight  of  which  is 
given  in  detail  in  the  appendix.  As  the  Boyne  Bridge  is  a  con- 
tinuous girder  in  three  spans,  its  central  span,  of  course,  requires 
less  material  than  a  bridge  of  equal  dimensions  which  has  not  the 
same  advantage  of  continuity^ 

Let  1=  267  feet  =  the  length  measured  from  centre  to 
centre  of  end  piUars  (55), 

d=z^  =  22-25  feet  =  the  depth, 

0  =  45°  =  the  angle  of  the  bracing,  whence 

sec0.  cosec0  =  2  (998), 
f^  5  tons  tensile  inch-strain  of  net  section, 
/^  =  4  tons  compressive  inch-stndn  of  gross  section, 
and  let  the  width  of  platform  between  the  main  girders  equal  24 
feet  as  in  the  Boyne  Bridge.    Let  the  maximum  passing  load  equal 
1  ton  per  running  foot  on  each  line,  =  534  tons  when  covering 
both  lines  together,  and  let  us  assume  that  the  permanent  bridge- 
load  equab  490  tons,  which  gives  the  total  load  supported  by  the 
girders  as  follows: — 

W  =  534  +  490  =  1024  tons. 
With  this  load  uniformly  distributed,  the  theoretic  quantities  of 
material  (eqs.  206  and  208)  are  as  follows,  4*6  cubic  feet  of  wrought- 
iron  being  assumed  equal  to  1  ton. 
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Tons. 

Tension  bracing  =  !^^f^?^!  =  9493  cubic  feet,* -  2064 

Compression  bracing  (=  |ths  of  the  tension  bracing),  25'80 

Tension  flange  l=^x  tension  bracing,  eq.  208 1,  82*56 

Compression  flange  (=  |ths  of  the  tension  flange),  -  103*20 

Total  thMMUo  weight,  •    232-20 

The  true  quantities  are  obtained  from  the  foregoing  by  adding 

the  percentages  derived  from  experience,  as  follows: — 

Tods.  Tons. 

Theoretic  tension  bracing,    -        •        -        "  20  64  )     ^ 


•641 
•16) 


Rivet  holes,  say  ^th  of  net  section,        -        -    5 

rSO) 
r80  } 


Theoretic  compression  bracing,     -        -        -  25w>,  -     K^.a(^ 

Add  as  much  again  for  stifiening,         -        -  25' 

Theoretic  tension  flange,      -        -        -        .  82\,^  ,     QQ.n7 


t*56) 
1*51  ) 


Rivet  holes,  say  }th  of  net  section,        -        -  16' 

Covers  of  tension  flange,  say  ^th  of  flange,    -        -  12*38 

Theoretic  compression  flange,        ....  103*20 

Covers  of  compression  flange,  say  ^th  of  flange,     -  12*90 

304*95 
Kivet  heads,  packings,  waste  (4m«  486),  say  10  per  cent.,  30*49 

Weight  of  Iron  in  the  main  glrdere,  •  335*44 

35  cross-girders,  7  feet  5  inches  apart,  each 

1*32  tons  (see  Appendix, " Boyne  Viaduct"),  46*20  ) 
Cross-bracing,         do.  do.  17*66  ) 


Weight  of  Iron  between  end  pillars,  •  -     399*30 

6-inch  planking  of  platform  24  feet  wide, 
=  3,204  cubic  feet,  @  50  cubic  feet  per  ton,  64*08 

Longitudinal  timbers  under  rails,  12  inches 
X  6  inches  =  534  cubic  feet,    -        -        -  10*68 

Barlow  rails,  356  yards,  @  100  Ifos.  per  yard,  -  15*89 


90*65 


Permanent  brldg^load  between  end  pillars,      -     489-95 

*  NoTi. — ^The  theoretlo  qoantity  of  material  in  the  tension  braoing  ie  only  one-half 
that  giTon  by  eq.  206,  which  lepreeentB  the  quantity  for  the  whole  web. 
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being  0*05  tons  less  than  that  assumed.    In  order  to  obtain  the 

total  weight  of  wrought-iron  in  the  bridge,  we  most  add  the  weight 

of  the  4  end  pillars  with  their  2  lower  cross-girders  and  2  top 

cross-girders  and  gussets  (448),  say  30  tons  in  all,  to  the  weight 

of  iron  between  the  end  pillars ;  this  makes  the  total  weight  of 

wroaght-tron  in  the  structure  =  399*30  +  30  =:  429*30  tons. 

In  this  example  we  find  that  335*44  tons  of  iron  are  required  in 

the  main  girders  to  support  themselves  and  an  additional  load  of 

688*56  tons  uniformly  distributed.    Consequently,  each  ton  of 

355*44 
additional  load  uniformly  distributed  requires  ^^^^^  =  0*487  tons 

of  iron  in  the  main  girders,  and  if  an  additional  load  of  100  tons  of 
ballast  were  spread  over  the  platform,  we  should  add  48*7  tons  of 
iron  to  the  midn  girders  to  support  the  weight  of  this  ballast 
without  the  unit-strains  being  increased. 

400.  Permanent  stralmi  —  Strains  flrom  train-load  — 
Eeonomy  due  to  eontlnnlty. — The  permanent  inch-strains,  that 
is,  the  inch-strains  due  to  the  permanent  bridge-load  of  489*95  tons, 
are  2*39  tons  tension  and  1*91  tons  compression;  those  due  to  the 
main  girders  alone,  weighing  33544  tons,  are  1*64  tons  tension  and 
1*31  tons  compression,  and  those  due  to  a  train-load  of  one  ton  per 
running  foot  on  each  line  uniformly  distributed  are  2*61  tons  tension 
and  2*09  tons  compression.  The  actual  weight  of  iron  in  the  main 
girders  of  the  long  central  span  of  the  Boyne  Bridge  =  297*41 
tons;  the  difference  between  this  and  our  example  =:  335*44  — 
297*41  =  38*03  tons,  which  represents  the  saving  efiected  in  the 
central  span  of  the  Boyne  Bridge  by  its  connexion  over  the  piers 
with  the  side  spans.  As,  however,  this  connexion  causes  a  certain 
loss  of  material  in  the  shorter  side  spans,  the  total  amount  of 
economy  produced  by  continuity  is  probably  less  than  that  above 
stated  (958,  499). 

Example  2. 

500.  91nirle-llne  lattice  bridge  400  feet  loni^. — A  wrought- 
iron  lattice  bridge  for  a  single  line  of  railway,  400  feet  long  from 

2  M 
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centre  to  centre  of  end  pillars,  25  feet  deep  and  14  feet  wide 
between  main  girders,  with  the  bradng  at  an  angle  of  45^.  Usmg 
the  same  symbols  as  before,  we  have, 

I  =  400  feet, 

d  =  fTT  =  25  feet, 
lb 

e  =  45^ 

/  =  5  tons  tensile  inch-strain  of  net  section, 
f  =  4:  tons  compressive  inch-strain  of  gross  section. 

Let  the  maximum  train  load  equal  |  ton  per  running  foot  (490), 
and  assuming  that  the  permanent  bridge-load  equals  1300  tons,  we 
have  the  total  distributed  load, 

W  =  300  +  1300  =  1600  tons. 

The  theoretic  quantities  with  their  empirical  percentages  are  as 
follows  (eqs.  206,  208). 

Tons.  Tons. 

rriU  *•      *         •         U        •  1600X400 

Theoretic  tension  bracm^  =  - — - — — —  = 

°       4  X  5  X  144 


2222  cubic  feet,  @  4*6  cubic  feet  per  ton,  -    48*3  ^ 


1-3  j 
Bivet  holes,  say  one-fourth  of  net  section,  -  12*1  ) 
Theoretic  compression  bracing  (=  |ths  of  the 

theoretic  tension  bracing),  ...    60'4  1 

Add  twice  as  much  for  stiffening  ...  120*8  ) 

rp,        *•    *     •      ii  1600x400x16 

Theoretic  tension  flange  =  — :ni — e — m—  = 

®  12  X  5  X 144 

1,18518  cubic  feet,  @  46  cubic  feet  per  ton,  2576  ) 
Bivet  holes,  say  }th  of  net  section,       -        -    51*5  ) 

Covers,  say  ^th  of  flange, 38*6 

Theoretic  compression  flange  (=  |ths  of  the 

theoretic  tension  flange), 322*0 

Covers,  say  ^th  of  flange, 40*5 

951-8 
Bivet  heads,  packings,  waste,  say  10  per  cent.,       -  95*2 

Zton  In  main  gfrden, 1047*O 
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Tons. 

Cross-girders  =  400  X  018  tons  (445),          -        -         720 
Cross-bracing,  say, 35*0 


Weight  of  Iron  between  end  pUlan,    -  11640 

Platform,  rails,  sleepers  and  ballast  =  400  X  0'36 

tons  (445), 144-0 


Pennanent  bridge-load  between  end  pillars,       -    12980 

being  2  tons  less  than  that  assumed.  If  the  4  end  pillars  and 
cross-girders  over  the  abutments  weigh  40  tons,  the  total  weight 
of  wronght-lron  in  the  bridge  =:  1,154  +  40  =  1194  tons. 

From  this  estimate  it  appears  that  1047  tons  of  iron  are  required 
in  the  main  girders  to  support  themselves  and  an  additional  load  of 
553  tons  uniformly  distributed;  consequently,  each  ton  of  additional 

load  uniformly  distributed  requires  for  its  support  -r^  =  1*89  tons 

in  the  main  girders.    If,  for  instance,  the  maximum  train-load  be 

1  ton  in  place  of  |  ton  per  running  foot,  this  uniformly  distributed 

load  will  amount  to  400  tons  in  place  of  300  tons,  that  is,  100  tons 

more  than  has  been  assumed,  and  this  will  require  100  X  1*89  = 

189  tons  extra  iron  in  the  main  girders  for  its  support,  and  the 

increased  total  load  on  the  bridge  will  be  289  tons,  or  nearly  three 

times  the  useful  addition.    The  iron  in  the  flanges,  including  the 

10  per  cent,  for  rivet  heads,  packings  and  waste,  weighs  781*2  tons ; 

the  iron  in  the  web,  also  including  the  percentage  for  rivet  heads, 

&c.,  weighs  265*8  tons ;  consequently,  each  ton  of  useful  load  uni- 

781*2 
formly  distributed  requires  -ttq-  =  1  '^l  tons  of  iron  in  the  flanges, 

265'8 
and    ^,,j   =  0*48  tons  in  the  webs.    The  inch-strains  due  to  the 

permanent  bridge-load  of  1,300  tons  between  the  end  pillars  are  4*06 
tons  tension  and  3*25  tons  compression,  while  those  due  to  a  uni- 
formly distributed  train-load  of  |  ton  per  running  foot  are  0*94 
tons  tension  and  0*75  tons  compression. 
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Example  3. 

501.  9iiiirle-line  lattice  bridge  400  feet  Unn^,  as  In  Ex.  9, 
bot  wltb  blfrhci*  aolt-fitralns. — ^A  wrought-iron  lattice  bridge 
of  the  same  dimensions  as  the  last,  but  in  place  of  the  inch-strains 
being  5  and  4  tons  let 

/  =  6  tons  tensile  inch-strain  of  net  section, 
jT  =  5  tons  compressive  inch-strain  of  gross  section. 
Assuming  that  the  permanent  bridge-load  =  960  tons,  we  have  tlie 
total  distributed  load, 

W  =  300  +  960  =  1,260  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

Tons.        Tons. 


7-9  I 


39-6 


Theoretic  tension  bracing  =  -j ^ =-7-1  = 

^      4  X  6  X  144 

145'83  cubic  feet,  @  4'6  feet  per  ton,         -    31" 
Rivet  holes,  say  J  of  net  section,  -        -        - 
Theoretic  compression  bracing  (=  fths  of  the 

theoretic  tension  bracing),  -        -        -    38*0 ) 

Add  three  times  as  much  for  stiffening,*       -  1 14*0  ) 

rp,        X-   X      .     /I  1260x400x16 

Theoretic  tension  nan£ce  =  ^ — ji — r-r-j —  = 

^  12x6x144 

777-8  cubic  feet,  @  4-6  cubic  feet  per  ton,    1691  ) 

t    202*9 
Rivet  holes,  say  }th  of  net  section,        -        -    338  ) 

Covers,  say  ^th  of  flange, 25*4 

Theoretic  compression  flange  (=  ^ths  of  the 

theoretic  tension  flange), 202*9 

Covers,  say  Jth  of  flange,      -        -        -        .        .  25*4 


648-2 
Rivet  heads,  packings,  waste,  say  10  per  cent.,       -  64*8 


Xron  in  main  glrden, 713"0 

*  In  this  example  I  allow  three  times,  in  place  of  twice  the  theoretic  amount, 
because  the  extra  quantity  of  material  required  for  stiffening  the  compression  bracing 
is  but  slightly  affected  by  the  adoption  of  higher  unit-strains. 
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Tons. 

Cross-^ders,  as  in  last  example,   ?        -        -        *  72*0 

Cross-bracing,  say, 30*0 


Welgbt  of  Iron  between  end  pUlare,  -  8160 

Platform,  rails,  sleepers  and  ballast,  as  in  last,        -         144'0 


Permanent  bridge-load  between  end  pUlare,  959"0 

being  1  ton  less  than  that  assumed.  If  the  four  end  pillars  and 
cross-girders  over  abutments  weigh  35  tons,  the  total  welgbt  of 
wrongbt-lroQ  in  the  bridge  =  815  +  35  =  850  tons. 

The  main  girders  in  this  example,  weighing  713  tons,  support 
themselves  and  an  additional  load  of  547  tons  uniformly  distributed. 

Consequently,  each  ton  of  useful  load  uniformly  distributed  re- 

713 
quires  for  its  support  -rjif  =  1'304  tons  in  the  main  girders.    The 

inch-strains  due  to  the  permanent  bridge-load  of  960  tons  between 

,     .„  6  X  960       .  .-  ,        .      .  ,  5  X  960      ^^, 

end  pillars  =  — rT/»7f—  =  4*57  tons  tension,  and      ,  ,,.^     =  3'81 
^  IzoO  IzoO 

tons  compression,  while  those  produced  by  a  uniformly  distributed 
train-load  of  |  ton  per  running  foot  are  1*43  tons  tension  and  1-19 
tons  compression. 

509.  C^reat  eeonomy  flrom  high  unlt-etralne  In  long 
girders — 9icel  plates. — Comparing  this  with  the  preceding 
example,  we  find  a  saving  in  the  main  girders  equal  to  1,047 — 
713  =:  334  tons,  or  nearly  47  per  cent,  of  the  lighter  bridge. 
The  saving  may  even  be  greater  than  this,  since  I  have  neglected 
any  reduction  in  the  weight  of  the  cross-girders  due  to  higher 
unit-strains.  These  two  examples  illustrate  the  great  economy 
produced  in  large  girders  by  adopting  high  unit-strains.  In 
place  of  the  weights  of  the  main  girders  being  in  the  inverse 
ratio  of  the  unit-strains,  as  might  be  supposed  at  first  sight,  we 
find  that  they  vary  in  a  much  higher  ratio,  at  least  in  large 
bridges  where  the  main  girders  form  a  large  proportion  of  the  total 
load  (69).  Economy  from  the  adoption  of  high  unit-strains  will  be 
chiefly  marked  in  the  flanges  and  tension  bracing,  owing  to  the 
necessity  of  having  a  certain  amount  of  material  to  stiffen  the 
compression  bracing,  no  matter  how  high  the  ultimate  crushing 
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Strength  of  the  material  may  be.  Even  a  better  method  of  riveting 
or  jointing  may  produce  a  very  important  saving  in  a  large  girder, 
by  not  requiring  so  may  holes  in  the  tension  plates,  or  such  large 
covers  at  the  joints.  Mild  steel  plates,  which  are  now  manufactured 
at  a  cost  not  much  exceeding  that  of  the  better  kinds  of  iron,  but 
about  once  and  a  half  as  strong  as  the  latter,  will,  doubtless,  enable 
the  engineer  to  construct  girders  over  spans  which  have  been 
hitherto  impracticable.  The  tensile  strength  of  steel  is  known ;  it 
is  to  be  hoped  that  satisfactory  experiments  will  be  made  to  deter- 
mine its  stiffness,  that  is,  its  strength  to  resist  flexure  when  in  the 
form  of  long  pillars — an  essential  element  in  its  application  to 

girder-work  (488). 

508.  9a0penfiloii  principle  applicable  to  larger  spans  than 
girders. — We  are  now  in  a  position  to  understand  how  suspension 
bridges  can  be  built  over  spans  far  exceeding  those  to  which  rigid 
girders  are  applicable,  for  not  only  are  there  no  compressive  strains 
in  the  webs  of  suspension  bridges,  but  the  compression  flange  of 
the  girder  is  superseded  by  land  chains,  and  the  structure  between 
the  piers  is  thus  relieved  of  the  weight  of  one  flange.  Moreover, 
the  material  used  is  generally  of  such  an  excellent  quality  that  it  is 
capable  of  sustaining  with  safety  a  higher  unit-strain  than  ordinary 
plate-iron  (496),  and  there  is  also  a  less  percentage  of  material 
required  for  the  joints  of  suspension  chsdns,  as  pins  passing  through 
eyes  in  the  ends  of  long  bar  links  supersede  the  ever-recurring 
rivets  of  plated  work  and  the  whole  intermediate  shank  of  the  link 
is  thus  available  for  tension  without  waste. 

Example  4. 
504.  Sini;le-Une  lattice  bridfpe  400  feet  lonir5  with  In- 
creased depth. — The  preceding  example  illustrates  the  great 
economy  efibcted  in  large  girders  by  the  adoption  of  high  unit- 
strains.  Let  us  now  examine  the  result  of  a  slight  increase  of 
depth,  all  the  other  dimensions  and  the  unit-stndns  remaining  the 
same  as  in  Example  2,  but  in  place  of  the  depth  being  25  feet,  i,e., 
one-sixteenth  of  the  length,  let 

rf  =  4  =  26-67  feet. 

ID 
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Assuming  the  permanent  bridge-load  to  be  1,190  tons,  we  have  the 
total  distribated  load, 

W  =  300  +  1190  =1490  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

ToDB.        Tons. 

rp,^     ....        ,      .  1490x400 

Iheoretic    tension    bracms:  =  -, — = — t~ti  = 

*=*      4x5x144 

207  cubic  feet,  @  46  feet  per  ton,     -        -  450  |     .g.g 

Rivet  holes,  say  ^th  of  net  section,         -        -  11*2  ) 
Theoretic  compression  bracing  (=  fths  of  the 

theoretic  tension  bracing),  -        -        -        -  56*2  |  -  _^^ 

Add  for  stiffening  the  same  as  in  Ex.  2,*        -  120*8  ) 

rp,        ^-    ♦      •      ii  1490x400x15 

iheoretic  tension  nan£ce  =  -^rr—^ — r^  j--  = 

^  12x5x144 

1034-7  cubic  feet,  @  4*6  feet  per  ton,          -  225*0  j  ^„qq 
Rivet  holes,  say  }th  of  net  section,-        -        -    45*0  ) 

Covers,  say  Jth  of  flange, 337 

Theoretic  compression  flange  (  =  fths  of  the 

theoretic  tension  flange), 281'2 

Covers,  say  |th  of  flange, 35*1 

852-2 
Rivet  heads,  packings,  waste,  say  10  per  cent,       -  85'2 

Iron  in  main  girders, 937*4 

Cross-girders,  as  in  Ex.  2, 72-0 

Cross-bracing,  do., 35*0 

Weight  of  Iron  between  end  pUlan,  -        -        -     1044*4 

Platform  rails,  sleepers,  and  ballast,  as  in  Ex.  2,      -        144-0 

Permaqent  bridge-load  between  end  plllars,  II88'4 

*  In  place  of  adding,  as  UBual,  twioe  the  iheoretic  amount  for  stiffening,  viz., 
2X56*2  =  112*4  tons,  I  have  awumed  that  this  example  requires  the  same  quantity 
as  Ex.  2,  for  though  the  load  in  this  example  is  less,  yet  the  length  of  the  compression 
bracing  is  greater  than  in  Ex.  2,  and  the  assumption  in  the  text,  therefore,  will 
be  probably  not  far  from  the  truth. 
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being  1*6  tons  less  than  that  assumed.  If  the  four  end  piUars  and 
cross-girders  over  the  abutments  weigh  40  tons,  the  total  weight 
of  wrought-lron  in  the  bridge  =  1044*4+40  =  1084*4  tons. 

The  main  girders  in  this  example,  weighing  9374  tons,  support 
themselves  and  552*6  tons  uniformly  distributed.  Consequently, 
each  ton  of  useful  load  uniformly  distributed  requires  for  its  support 

^r^  =  1*7  tons  nearly  in  the  main  ^rders.     The  inch-strains  due 

to  the  permanent  bridge-load  of  1190  tons  between  end  pillars 

5x1190       -^       ^      .  ,4x1190      „., 

=     -tAiif)     =  ^  ^^  tension,  and    -tiqo    —  ^'*  ^^^  compression. 

The  inch-stndns  due  to  the  main  girders,  weighing  937*4  tons, 

5x937-4       „-.^       ^      .  ,4x937-4       ^  ^^  , 

=  — 1  .rirk     =  3*14  tons  tension,  and  — ,  ...^     =  2*52  tons  com- 

pression.      The  inch-strains  due  to  a  train-load  of  |   tons  per 

5x300 
running  foot  over  the  whole  bridge  =    .   q..    =  1*0  ton  tension, 

,4x300      ^^^ 
and    .^^      =  0*8  tons  compression. 

505.  Wei|pht0  of  Uur^e  ylrders  do  not  vary  iiiTeroely  as 
their  deptii. — Comparing  this  with  Ex.  2,  the  saving  of  material 
in  the  main  girders  =  1047  —  937*4  =  109*6  tons.  We  find 
therefore  that  the  weights  of  the  ^rders  in  these  two  examples 
are  inversely  as  the  1*7  power  of  the  depths,  but  this  particular 
proportion  b  accidental  (8t4). 

Example  5. 
-  500.  91nirle-ltaie  lattice  bridge  480  feet  lonir* — A  wrought- 
iron  lattice  bridge  for  a  single  line  of  railway,  480  feet  long  from 
centre  to  centre  of  end  pillars,  30  feet  deep,  and  14  feet  wide 
between  main  girders.  Using  the  same  symbols  as  in  Ex.  1,  we 
have, 

I  =  the  length  =  480  feet, 

d  =  the  depth  ==  y^j  =  30  feet, 

0  =  45^=  the  angle  the  diagonals  make  with  a  vertical  line, 

/  =  5  tons  tensile  inch-strain  of  net  section, 

/^  =  4  tons  compressive  inch-strain  of  gross  section. 
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Let  the  mazimam  passing  load  =  |  ton  per  ranning  foot  (480), 
and  assuming  that  the  permanent  bridge-load  weighs  2760  tons, 
we  have  the  total  distributed  load, 

W  =  360  +  2760  =  3120  tons. 
The  quantities  are  as  follows  (eqs.  206,  208). 

Tons.  Tons. 

Theoretic  tension  bracing  =  -z — = — r;  a  =  520 

°      4x5x144 

cubic  feet,  @  4'6  feet  per  ton,    .        -        -  1130  | 

Kivet  holes,  say  ^th  of  net  section,         -        -  28*3  j 
Theoretic  compression  bracing  (  =  |th8  of  the 

theoretic  tension  bracing),  ....  141*3  |  aoq.q 

Add  twice  as  much  for  stiffening,*         -        -  282*6  ) 

rp,        ^    .      •      ii  3120x480x16 

Theoretic  tension  nanse  =     ,  .     , — .,.     = 

®  12x5x144 

2773*3  cubic  feet,  @  4*6  feet  per  ton,  -        -  602*9  |  .^g - 
Kivet  holes,  say  |-th  of  net  section,         -        -  120*6  ) 

Covers,  say  ^th  of  flange, 90*4 

Theoretic  compression  flange  (  =  fths  of  the 

theoretic  tension  flange), 753*6 

Covers,  say  ^th  of  flange, 94*2 

22269 
Bivet  heads,  packings,  waste,  say  10  per  cent.,        -        222*7 

Zton  in  main  girders, 2449"6 

Cross-girders  =  480x0-18  tons  (446),  -        -        -  86  4 

.  Cross-bracing,t 50*4    . 

Welgbt  of  Iron  between  end  pUlars,  -  25864 

*  TtoB  allowanoe  for  stiffening  is  probably  excessive. 

t  The  quantity  of  cross-bracing  is  proportional  to  W2  (eq.  206),  where  W  represents 
the  pressure  of  the  wind  against  the  side  of  the  bridge ;  if  this  pressure  be  assumed 
proportional  to  the  product  of  length  and  depth,  which  is  the  case  in  plate  girders, 
the  quantity  of  cross-bracing  in  similar  girders  will  vaiy  as  ^.  As,  however,  the  side 
surface  of  similar  lattice  girders  does  not  in  general  increase  so  rapidly  as  P,  and  as 
also  the  empirical  percentages  are  somewhat  less  in  large  than  in  small  bridges,  it  will 
probably  be  nearer  the  truth  to  assume  that  the  quantity  of  oross-biacing  is  proportional 
to  the  square  of  the  length.    If,  therefore,  a  bridge  400  feet  long  (Ex.  2,)  requires  85 

tons,  one  480  feet  long  will  require  35  X  ^  =  50*4  tons. 
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IXTelght  of  Iron  between  end  pUlan,  -  2586*4 

Platform,  rails,  sleepers,  and  ballast,  =  480  X 

0-36  tons  (445), 172-8 


Permanent  bridge-load  between  end  pUlan,  2758"2 

being  0*8  less  than  that  assumed.  If  the  weight  of  the  four  pillars 
and  cross-girders  at  the  ends  be  assumed  equal  to  70  tons,  the 
total  weight  of  wronght-lron  in  the  bridge  will  equal  70  + 
2586-4  =  26564  tone. 

The  inch-strains  due  to  the  permanent  bridge-load  of  2760 

tons  between  end  pillars  are  — ...  .^     =  4*42   tons  tension,  and 
o.^^     =  3*54  tons  compression.     The  inch-strains  due  to  the 

main  girders,  weighing  2449*9  tons,  are  — ^rj(\ —  =  ^'^^  tons 

4  X  2449*6 
tension,    and    — uToTi —  =  ^'^^   *^"^    compression.    The  inch- 
strains  due  to  a  train-load  of  |  ton  per  running  foot  over  the  whole 

,  . ,  5x360       nxTfi^       4.     '  ,4x360       ^  .^  . 

bridge  =  -rpr^rr-  =  0'576  tons  tension,  and    ....^^    =  0*46  tons 

compression. 

509.  Waste  of  material   In    defectlTe   designs. — In   this 

example,  2449*7  tons  of  iron  in  the  main  girders  support  themselves 

and  an  additional  load  of  670*4  tons  uniformly  distributed  over  the 

bridge.     Consequently,  each  ton  of  useful  load  requires  for  its 

2449*6 
support  ^y.,  .    =  3*65  tons  of  iron  in  the  main   girders.     This 

illustrates  the  great  waste  of  material  produced  by  defective  designs 
for  large  bridges,  since  every  ton  of  iron  uselessly  added  involves 
the  necessity  of  adding  3*65  other  tons  for  its  support,  making 
collectively  upwards  of  4^  tons  which  might  be  saved  were  the 
design  skilfully  planned. 

Example  6. 
50§.  91ngle-llme  lattlee  bridge  480  feet  long5  as  In  Bx.  5« 
bat  with  higher  nnlt-stralms. — A  wrought-iron  lattice  bridge  of 
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the  Bame  dimensions  as  the  last,  but  in  place  of  the  inch-strains 
being  5  and  4  tons  respectively, 

Let/  =  6  tons  tensile  inch-strain  of  net  section, 

/  =  5  tons  compressive  inch-strain  of  gross  section. 
Assuming  that  the  permanent  bridge-load  equals  1710  tons,  we 
have  the  total  distributed  load, 

W  =  360  +  1710  =  2070  tons. 
The  quantities  are  as  follows  (eq.  206,  208). 

Tons.  Tons. 

rpi        ^.      ,      .        ,      .  2070x480 

Theoretic    tension    bracing  =  - — -, — rrr  =  • 

®       4  X  b  X 144 

287-5  cubic  feet,  @  4*6  feet  per  ton,  -        -  62-5  |     -g - 

Rivet  holes,  say  ^th  of  net  section,  -        -  15*6  ) 

Theoretic  compression  bracing  (  =  ^ths  of  the 

theoretic  tension  bracing),  -        -        -        -  75*0  )   nr^,r^ 


Add  three  times  as  much  for  stiffening,*         -  225 

2070x480x16 
X6X 


:} 


Theoretic  tension  flancre  =r  ^XT'-y^^?/'^  = 

®  12x6x144 


1533-3  cubic  feet,  @  46  feet  per  ton,  -  333-3  ^    .^^ 


i-3| 

;-7} 


Rivet  holes,  say  }th  of  net  section,  -        -    66 

Covers,  say  Jth  of  flange, 500 

Theoretic  compression  flange  (  =  f  ths  of  the 

theoretic  tension  flange), 400-0 

Covers,  say  Jth  of  flftnge, 500 

12781 

Rivet  heads,  packings,  waste,  say  10  per  cent.,        -  127*8 

Zton  in  main  girden, 1405*9 

Cross-girders,  as  in  last  example,    -        -         -        -  86-4 

Cross-bracing,  say, 45*0 

Weight  of  Iron  between  end  pUlan,   •  1537-3 

Platform,  raib,  sleepers  and  ballast,  as  in  last,         -  1728 

Permanent  bridge-load  between  end  pUlare,  1710*1 

bemg  O'l  ton  greater  than  that  assumed.     If  the  four  pillars  and 

*  See  note  to  Ex.  S,  p.  5S2. 
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cross-girders  at  the  ends  wtsigh  50  tons,  the  total  weight  of 

wrou^t-lron  in  the  bridge  will  equal  50  +  1537*3  =  1687-3 
tons. 

In  this  example,  the  main  girders,  weighing  1405*9  tons,  supporti 
themselves  and  an  additional  load  of  664*1  tons  uniformly  dis- 
tributed.   Consequently,  each  ton  of  useful  load  requires  for  its 

1405*9 
support  ^,  .    =  21 17  tons  in  the  main  girders.     The  inch- 
strains  due  to  the  permanent  bridge-load  of  1710  tons  between 

,    .„  6x1710       .^^^       ^     .  ,5x1710       ,.« 

end  pillars  =  — ^      —  =  496  tons  tension,  and  — Wfifr)"  =  ^^^ 

tons  compression.      The  inch-strains  due  to  the  midn  girders, 
weighing  1405*9  tons,  are afyu] =  ^'08  tons  tension,  and 

5  X  1405*9 

— sTfTfk —  =  3*4  tons  compression.     The  inch-strains  due  to  a 

uniformly  distributed  train-load  of  }  ton  per  running  foot  over  the 
whole  bridge  are  — orv^/v   =  1*04  tons  tension,  and  -oTvy/r  =  0*87 

tons  compression. 

5<I0.  Cireat  economy  fflrom  hlgrli  onitHitralnfl  In  lar^ 
trlrders. — The  economy  effected  in  large  girders  by  the  adoption 
of  high  unit-strains  is  very  marked  in  this  example.  Compared 
with  the  preceding  example,  the  saving  ^unounts  to  2656*4  — 
1587*3  =  1069*1  tons,  or  nearly  68  per  cent,  of  the  lighter  bridge 
(509^  69). 

Example  7. 

510.  Sln^le-llne  lattice  bridge  480  feet  lony,  as  In  Ex.  5^ 
but  with  Increased  depth. — The  previous  example  illustrates  the 
great  economy  in  large  bridges  due  to  the  use  of  a  material  capable 
of  sustaining  high  unit^strains  with  safety.  We  shall  now  examine 
the  effect  of  a  slight  increase  of  depth,  all  the  other  dimensions  and 
the  unit-strains  remaining  the  same  as  in  Ex.  5.  In  place  of  the 
depth  being  30  feet,  or  -^^th  of  the  length,  let 

d  =  1  =  32  feet. 
15 
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Assuming  the  permanent  bridge-load  to  be  2435  tons,  we  have  the 
total  distributed  load, 

W  =  360  +  2435  =  2795  tons. 
The  quantities  are  asfollows  (eqs.  206,  208). 

Toiu.        Tons. 

aheoretic  tension  bracmg  =  j « rjj  = 

465'8  cubic  feet,  ®  4*6  feet  per  ton,  -        -  101-3  ) 

^  '  '126  6 


Rivet  holes,  say  ^th  of  net  section,         -        -    25 
Theoretic  compression  bracing  (  =  |ths  of  the 


1} 


theoretic  tension  bracini?),  -        -        -  126*6  , 

^^  '    409-2 


66  j 
2-6) 


Add  for  stiffening  the  same  as  in  Ex.  5,*       -  282 

Theoretic  tension  flanize  =  — i-^^ = ,-^7 

®  12  X  5  X  154 

2329  cubic  feet,  @  46  feet  per  ton,  -        -  506\,  - 

'    607-6 


1-3  J 
•3) 


Bivet  holes,  say  |^th  of  net  section,         -        -  101 

Covers,  say  Jth  of  flange, 76*0 

Theoretic  compression  flange  (  =  |ths  of  the 

theoretic  tension  flange), 632*9 

Covers,  say  ^th  of  flange, 79*1 

1931-4 
Bivet  heads,  packings,  waste,  say  10  per  cent.,        -        193*1 

Iron  in  main  girders, 2124-6 

Cross-girders,  as  in  Ex.  5, 864 

Cross-bracing,       do., 50*4 

Weight  of  iron  between  end  pHlars,  -  2261*3 

Platform,  rails,  sleepers  and  ballast,  as  in  Ex.  5,     -        172*8 

Permanent  lirldge-load  between  end  pHlars,  2434*1 

being  0*9  ton  less  than  that  assumed.     If  the  four  pillars  and 

cross-girders  at  the  ends  weigh  70  tons,  the  total   welglit  of 

wronght-iron  in  the  bridge  mil  equal  70  +  2261*3  =  2331*3  tons. 

The  main  girders,  weighing  2124-5  tons,  support  themselves  and 

*  See  note  to  Ex.  i,  p.  585. 
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670*5   tons  uniformly  distributed.     Consequently,   each    ton    of 

2124'5 

useful  load  uniformly  distributed  requires  for  its  support  ^^^^^   = 

3*17  tons  in  the  main  girders.     The  inch-strains  due  to  the  per- 

5  X  2434 

manent  bridge-load  of  2434  tons  between  end  pillars  =  — otoX —  — 

4  X  2434 
4*35  tons  tension,  and  — ^^^ —  =  3*48  tons  compression.      The 

inch-strains  due  to  the  main  girders,  weighing  2124*5   tons  = 

5  X  2124-5       „  o  .        .    ^.  ,  4  X  2124*5      „^.  ^ 

— afoK ==  ^'o  *^^8  tension,  and  — ^-q. —   =  304  tons  com- 
pression.    The  inch-strains  due  to  a  train-load  of  }  ton  per  running 

5  X  360 
foot  over  the  whole  bridge  =  ""970 k~  =  ^'^^  *^*^  tension,  and 

4  X  360      ^  ^.  , 

—eyfof'—  =  0*51  tons  compression. 

511.  Weiirlits  of  laiir®  irlrders  do  not  vary  liiTersdy  as 
their  depth. — Comparing  this  with  Ex.  5,  the  saving  effected  in 
the  main  girders  by  a  slight  increase  of  depth  =  2449'6  —  2124'5 
=  325*1  tons.  We  find  also  that  the  weights  of  the  girders  in 
these  two  examples  are  inversely  as  the  2*2  power  of  their  depths 

(505). 

Example  8. 

519.  Sinirl^Une  lattice  bridge  OOO  Teet  lonir. — A  wrought- 

iron  bridge  for  a  single  line  of  railway,  600  feet  long  between 

centres  of  end  pillars,  37*5  feet  deep,  and  14  feet  wide  between 

main  girders.      Using  the  same  symbols  as  in  Ex.  1,  we  have, 

/  =  600  feet, 

d  =  j^  =  37-5  feet, 

0  =  45^ 

f  =  5  tons  tensile  inch-strain  of  net  section, 
y  =  4  tons  compressive  inch-strain  of  gross  section. 
Let  the  maximum  passing  load  =  }  ton  per  running  foot,  and 
assuming  that  the  permanent  bridge-load  weighs  9100  tons,  we 
have  the  total  distributed  load, 

W  =  450  +  9100  =  9550  tons. 
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The  quantities  are  as  follows  (eqs.  206,  208). 

Tons.  Tods. 

^,        ,.      ,     .        ,      .  9550x600 

Theoretic    tension  •  bracing  =  .     ,^  ,..  = 

°       4X5X144 

1989 6  cubic  feet,  @  46  feet  per  ton,        -  4325  |     .  .^.g 
Bivet  holes,  say  ^th  of  net  section,       -        -  108*1  ) 
Theoretic  compression  bracing  (  =  |ths  of  the 

theoretic  tension  bracing),         -        -        -  540'6  ">    iaqi.o 
Add  as  much  again  for  stiffening,*        -        -  540*6  j 

rp,        *•   ^      •     ii  9550x600x16 

Theoretic  tension  flange  =  —tt-^ — = — ttt—  = 

^  12x5x144 

10,611  cubic  feet,  @  4*6  feet  per  ton,         23067  1  27680 
Bivet  holes,  say  ^th  of  net  section,        -        -  461*3  ) 

Covers,  say  ^th  of  flange,    -----  346*0 
Theoretic  compression  flange  (  =  |ths  of  the 

theoretic  tension  flange), 2883*4 

Covers,  say  ^th  of  flange, 360*8 

7980-0 
Rivet  heads,  packings,  waste,  say  10  per  cent.,      -  798*0 

Iton  in  main  girders, 8778"0 

Cross-girders  =  600 X 018  tons  (445),  -        -  1080 

Weight  of  Iron  between  end  pUlara,  8886-0 

Platform,  rails,  sleepers,  and  ballast  =  600  X 

0*36  tons  (445), 216*0 

Permanent  bridge-load  between  end  pillars,     •      9102-O 

being  2  tons  in  excess  of  that  assumed.  No  allowance  has  been 
made  for  cross-bracing,  for  the  sectional  area  of  the  flanges  is  so 
great  that  they  would  probably  extend  over  the  whole  space 
between  the  main  girders  so  as  to  form  a  tubular  bridge,  and 
thus  supersede  the  usual  cross-bracing  formed  of  cross-girders 

*  The  qnimtitj  of  inat.ftrift1  in  the  web  is  so  Urge  that  it  can  be  thrown  into  a  f onn 
soitable  for  resisting  flexure  without  much  extra  stiflPmiing ;  I  have  therefore  added 
only  half  the  percentage  for  stiffening  that  was  adopted  in  most  of  the  preceding  cases. 
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and  diagonal  tension  ban.  If  the  four  pillars  and  cross-girders 
at  the  ends  be  assumed  equal  to  200  tons,  the  total  vvelgltt  of 
wronght-iron  in  the  bridge  will  equal  200  +  8886  =  9086  tons. 
In  this  example,  8778  tons  of  iron  in  the  main  girders  support 
themselves  and  an  additional  load  of  772  tons  uniformly  dis- 
tributed over  the  bridge.    Consequently,  each  ton  of  useful  load 

8778 
requires  for  its  support  -ff^  =  11*37  tons  of  iron  in  the  main 

girders.     The  inch-strEuns  due  to  the  permanent  bridge-load  of 

5x9100 
9100  tons  between  end  pillars  are     q,,^     =  4*76  tons  tension, 

4x9100 
and     Q,-^     =  3'81  tons  compression.    The  inch-strEuns  due  to 

the  main  girders,  weighing  8778  tons,  are     q,,^     =  46  tons 

A.  V  5^77ft 

tension,  and     q,,^.     =r  3*67  tons  compression.    The  inch-strains 

due  to  a  train-load  of  }  ton  per  running  foot  over  the  whole  bridge 

5x450      AooK  X        *      •  J  4x450      moo  x 

=    Q^.^    =  0'235  tons  tension,  and    q,.^    =  0*188  tons  com- 
pression. 

Example  9. 
518.  Slnffle-llne  lattice  bridge  600  feet  lony^  as  In  Ex.  8j 
but  with  hlirher  nnltHstralos. — A  wrought-iron  bridge  of  the 

same  dimensions  as  the  last,  but  in  place  of  the  inch-stndns  being 

5  and  4  tons, 

Let  /  =  6  tons  tensile  inch-strain  of  net  section, 

f  =z  5  tons  compressive  inch-strain  of  gross  section. 

Assuming  that  the  permanent  bridge-load  =  3800  tons,  we  have 

the  total  distributed  load, 

W  =  450  +  3800  =  4250  tons. 

The  quantities  are  as  follows  (eqs.  206,  208). 

Tons.  Tons. 

Theoretic    tension   bracing  =  -z — ;; — =-rT  = 

®      4x6x144 

737-8  cubic  feet,  @  4*6  feet  per  ton,  -        -  1604  )     ^^  . 

]^vet  holes,  say  ^th  of  net  section,       -        -    401  j 
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Tods.  Tana. 


.92-5  ) 

185-0 }     ^'''' 


Theoretic  compression  bracing  (  =  ^ths  of  the 

theoretic  tension  bracing),         ...  192 
Add  twice  as  much  for  stiffening,        -        -  385 

rru       *•*•/!  4250x600x16 

Theoretic  tension  nanfi^e  =  —,r-^ — n — ttt—  = 

®  12x6x144 

3935-2  cubic  feet,  @  46  feet  per  ton,       -  855-5  ) 
Rivet  holes,  say  }th  of  net  section,       -        -  171*1  j 

Covers,  say  Jth  of  flange, 128*3 

Theoretic  compression  flange  (  =  ^ths  of  the 

theoretic  tension  flange), 1026*6 

Covers,  say  ^th  of  flange, 128*3 

3087*8 
Bivet  heads,  packings,  waste,  say  10  per  cent.,      -  308*8 

Iron  In  main  girders, 3396*6 

Cross-girders,  as  in  last  example,  -        -       .-        -  108*0 

Cross-bracing,*   -        -        -  .      -        -        -        -  78*8 

Weight  of  Iron  between  end  pUlars,  85634 

Platform,  rails,  sleepers  and  ballast,  as  in  last 

example, 216*0 

Permanent  brldge-Joad  between  end  pUlara,    -      37994 

being  0*6  tons  less  than  that  assumed.    If  the  four  pillars  and 

cross-girders  at  the  ends  weigh  100  tons,  the  total  weight  of 

wronght-lron  in  the  bridge  will  equal  100  X  3583*4  =  36834  tons. 

In  this  example  the  main  girders,  weighing  3396*6  tons,  support 

themselves    and    an    additional    load   of   853*4   tons   uniformly 

distributed.    Consequently,  each  ton  of  useful  load  requires  for  its 

3396*6 
support  f^f'ti.A  =  ^'^^  ^^  ^^  ^^  m^m  girders.    The  inch-strains 

due  to  the  permanent  bridge-load  of  3800  tons  between  end  pillars 

6x3800      .«^.        .      .  ,5x3800      .  ,_  . 

=     .oe/v     =  5*36  tons  tension,  and      ,q,^     =4*47  tons  com- 
4250  4zoU 

*  See  note  to  Example  5,  p.  587. 

2  N 
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pression.     The  inch-strains  due  to  the  main  girders,  weighing 

ftOQfi  a  4.  6  X  3396-6       ,^.        .      .  ,  5  X  3396-6 

o396'6  tons,  are  — YcTEri —  =  **8  tons  tension,  and  — toeix —  = 

42oO  4zoi/ 

4*0  tons  compression.    The  inch-strains  due  to  a  uniformly  dis- 
tributed train-load  of  }  ton  per  running  foot  over  the  whole  bridge 

6X450        r^iyi    J.         J.        •  J   5X450        akoa 

=     ..f,..    =  0*64  tons  tension,  and     .^,q    =  0'53  tons  compres- 
sion. 

514.  dreat  economy  fflrom  hifirli  vnltHitralDfl  In  very  laive 
Urirders. — The  economy  due  to  the  adoption  of  high  unit-strains 

in  girders  of  great  size,  whose  permanent  weight  forms  by  far  the 

larger  portion  of  the  total  load,  is  very  conspicuous  in  this  example. 

Compared  with  the  preceding  example,  the  saving  amounts   to 

9086  —  3683-4  =  54026  tons,  or  nearly  147  per  cent,  of  the 

lighter  bridge  (509^  A09). 

Example  10. 

515.  SIniple-llne  lattice  brldire^  600  feet  lon||r»  <m  In  Km. 
S,  bot  with  Increased  depth. — Let  us  now  examine  the  effect 
of  a  slightly  increased  proportion  of  depth  to  span.  In  Ex.  8,  the 
depth  is  j^^th  of  the  length ;  let  the  proportion  now  be  -^th,  and 
retaining  all  the  other  dimensions  and  unit-strains  as  before,  we  have, 

I  =  600  feet, 

d  =  r^  =  40  feet, 

e  =  45% 

/  =  5  tons  tensile  inch-strain  of  net  section, 

/  =  4  tons  compressive  inch-strain  of  gross  section. 

Let  the  passing  load  equal  |  ton  per  running  foot,  and  assuming 

the  permanent  bridge-load  to  equal  6800  tons,  we  have  the  total 

distributed  load, 

W  =  450  +  6800  =  7250  tons. 

The  quantities  are  as  follows  (eqs.  206,  208). 


rru       *•     X      .       u      •  7250x600 

Iheoretic   tension   bracmg  =  j — ^ — =-j^  = 

4  X  0  X  144 


Tonfl.  Tons. 


1510-4  cubic  feet,  @  4-6  feet  per  ton,       -  328'*  - 


Bivet  holes,  say  ^th  of  net  section,       -        -    82 


8-4  I 
21) 
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Tons.         Tons. 

Theoretic  compression  bracing  (  =:  fths  of  the 

theoretic  tension  bracing),         -        -        -  410'5  )     q.-, 
Add  for  stiffening  the  same  as  in  Ex.  8,*      -  5406  I 

Theoretic  tension  flange  = 


7552*1  cubic  feet,  @  46  feet  per  ton,  jur^x  o  ^ 


12x5x144 

1641-8  ) 
Bivet  holes,  say  ^th  of  net  section,  -  -  328*4  j 
Covers,  say  ^th  of  the  flange,       ...        -  246'3 

Theoretic  compression  flange  (  =  f  ths  of  the 

theoretic  tension  flange),  -----        2052*2 
Covers,  say  ^th  of  the  flange,       ....  256*5 


5886*8 
Rivet  heads,  packings,  waste,  say  10  per  cent.,      -  588*7 


Zron  In  main  girders, 6476'6 

Cross-girders,  as  in  Ex.  8, 108*0 


Weight  of  Iron  between  end  plUara,  6583*6 

Platform,  rails,  sleepers  and  ballast,  as  in  Ex.  8,    -  216*0 


Permanent  bridge-load  between  end  pUlara,    •       6799-6 

being  0*5  tons  less  than  that  assumed.  If  the  four  pillars  and 
cross-girders  at  the  ends  weigh  160  tons,  the  total  welgbt  of 
wrought-tatm  in  the  bridge  will  equal  160  +  6583*5  =  6743*6 
tons. 

The  main  girders,  weighing  6475*5  tons,  support  themselves 

and  774*5  tons  uniformly  distributed.  Consequently,  each  ton 
of   useful    load   uniformly  distributed  requires  for  its  support 

„^.  -,  =  8*36  tons  in  the  main  crirders.     The  inch-stndns  due 
7/4-5  ^ 

to  the  permanent  bridge-load  of  6800  tons  between  end  pillars 

5x6800       .^^^        '      .  ,4x6800      « .-  ^ 

=     naf^t\     =  ^'69  tons  tension,  and      . .,..     =  o-75  tons  com- 

*  See  note  to  Ex.  4,  p.  535. 
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pi^ssioD.    The  inch-Strains  due  to  the  main  girders,  weighing 

aAiKK^  5x6475-5       ,.-.        ^      .  ,   4x6475-5 

6475-5  tons,  are  — =^^^r —  =  4*47  tons  tension,  and  — =^^75 — 

=  3*57  tons  compression.     The  inch-strains  due  to  a  uniformly 
distributed  train-load  of  }  ton  per  running  foot  over  the  whole 

bridge  are     -,>,^.    =  0-31  tons  tension,  and  -^^ctt-  =  0248  tons 

compression. 

516.  Weiglits  of  very  larye  ylHIers  Tary  Inversely  to  a 
hlirh  ratio  to  their  depth. — ^From  this  example  we  see  that  very 
considerable  economy  is  effected  in  girders  of  great  size,  whose 
permanent  weight  forms  the  larger  portion  of  the  total  load,  by 
increasing  the  ratio  of  depth  to  length,  even  in  a  slight  degree. 
Compared  with  Example  8,  the  saving  in  the  main  girders  =  8778 
—  6475*5  =  2302*5  tons,  and  the  weights  of  these  girders  are  in- 
versely as  the  4*7  power  of  their  depths  (511). 


Example  11. 

519.  f^oaterbraeinir  reqolred  for  paMilnir  loads  eannot  lie 
aeirl^cA^  Ib  small  bridges — Sinirle-llDe  lattlee  bridge  109 
feet  lonir* — The  examples  given  in  the  preceding  pages  are  those 
of  large  bridges,  exceeding  250  feet  in  span,  in  which  the  per- 
manent bridge-load  forms  such  a  large  portion  of  the  total  load 
that  I  have  neglected  the  extra  material  required  for  counter- 
bracing  the  web  so  as  to  enable  it  to  meet  the  maximum  strains 
produced  by  the  passing  load  when  in  motion.  This  is  allowable, 
since  the  empirical  additions  for  stiffening  the  compression  bracing 
are  probably  in  excess  of  those  actually  required  in  large  girders. 
In  short  girders,  however,  it  is  necessary  to  make  some  allowance 
in  the  bracing  for  the  load  being  in  motion,  in  place  of  being 
uniformly  distributed,  and  there  is,  moreover,  a  greater  propor- 
tional waste  both  in  the  flanges  near  the  ends,  and  in  the  web  near 
the  centre,  than  in  large  girders  (499^  486).  Hence,  the  allowance 
for  waste,  &c.,  will  be  more  than  10  per  cent.  The  following 
example  of  a  wrought-iron  lattice  bridge  for  a  single  line  of  rail- 
way, 108  feet  long,  9  feet  deep,  and  14  feet  wide  between  main 
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girders,  will  illustrate  this.    Using  the  same  symbols  as  in  Ex.  1, 

we  have, 

I  =  108  feet, 

d  =  Yg  =  9  feet, 

0  =  45^ 

/  =  5  tons  tensile  inch-strain  of  net  section, 
/'  =  4  tons  compressive  inch-strain  of  gross  section  in  the 
flanges,  and  3  tons  in  the  bradng  (49V). 
Let  the  maximum  passing  load  =  1*32  tons  per  running  foot  (490), 
and  assuming  that  the  permanent  bridge-load  =  105  tons,  we  have 
the  total  distributed  load, 

W=  143+105  =  248  tons. 

The  quantities  are  as  follows  (eqs.  206,  208). 

248  yc  108  '^*^^       ^^'"^ 

Theoretic  tension   biucing    =  /^  .^  , V,  = 

9-3  cubic  feet,  @  4*6  feet  per  ton,      -        -  2'02  | 

Bivet  holes,  say  ^rd  of  net  section,  •  -  '67  j 
Theoretic  compression  bracing,  (  =  ^rds  of  the 

theoretic  tension  bracing),  ...  3-37  \ 

Add  twice  as  much  for  stiffening  and  counter-  >  10*11 

bracing,    - 6*74  ) 

rru       *•    *      •      ii  248x108x12 

Theoretic  tension  flange  =  -^-r — z — rn-  = 

^  12x5x144 

37-2  cubic  feet,  @  46  feet  per  ton,  -  -  809  \ 
Bivet  holes,  say  |th  of  net  section,  -  -  2-02  ) 
Covers,  say  ^th  of  the  flange,*       -        -        -        -  1-68 

Theoretic  compression  flange  (  =  |ths  of  the 

theoretic  tension  flange), 1011 

Covers,  say  ^th  of  the  flange,         ....  1-68 

36*38 
Rivet  heads,  packings  and  waste,  say  25  per  cent.,  -  9*09 

Iron  In  main  glrd«rfl, 4647 

*  In  Uxge  girders  it  is  important  to  diminiBli  the  dead  load  as  much  as  possible,  and 
it  is  therefore  worth  paying  extra  for  large  plates  so  as  to  diminish  the  percentage  for 
covers.  This,  however,  is  not  the  case  with  small  girders ;  hence^  the  percentage  of 
covers  is  larger  in  this  than  in  the  preceding  examples. 
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Tons. 

Xron  In  main  girders, 46*47 

Cross-girders  =  108x0-18  tons  (445),  -        -        -        1944 
Cross-bracing,  say, 1*00 

Xron  between  end  pnUurs, 66-91 

Platform,  rails,  sleepers  and  ballast  =  108x0*36 

tons  (445), 38-88^ 

Permanent  bridge-load  between  end  plUara,  ICM-TQ 

being  0*21  ton  less  than  that  assumed.  If  the  four  end  pillars 
weigh  1*5  ton,  the  total  weU^t  of  wronght-lron  in  the  bridge 
will  equal  65'91  +1  5  =:  67*41  tons. 

In  this  example,  the  main  girders,  weighing  45*47  tons,  support 
themselves  and  an  additional  load  of  202*53  tons  uniformly  dis- 
tributed ov6r  the  bridge.     Consequently,  each  ton  of  useful  load 

45*47 
uniformly  distributed  requires  for  its  support  ^..,.^^.>  =  0*2245  tons 

of  iron  in  the  main  ^rders.     The  inch -strains  in  the  flanges,  due 

5  X 105 
to  the  permanent  bridge-load  of  105  tons,  are     ^.^     =  2*12  tons 

tension  and     ,^  .^     =1*7  tons  compression.    The  inch-strains  due 

5x45*47 
to  the  main  girders  alone,  weighing  45*47  tons,  are  — ^-tq —  =  ^'^^ 

iS4o 

4x45*47 
tons  tension,  and  —  =  0*73  tons  compression.    The  inch- 

strains  in  the  flanges,  due  to  a  uniformly  distributed  train-load 
of   1*32    tons    per    running  foot    over    the    whole    bridge,  are 

5x143      oQux       i.      •  J  4x143       a„^ 

t^.^     =  2*8o  tons  tension,  and       .^     =  2*3  tons  compression. 

518.  Error  In  assuming  the  permanent  load  onilbrmly  dis- 
trlboted  to  large  girders — Empirieal  percentages  open  to 
improTement. — In  the  foregoing  examples  it  has  been  tacitly 
assumed  that  the  weight  of  the  main  girders  is  uniformly  dis- 
tributed. This  is  erroneous,  because  there  is  a  preponderance  of 
material  in  the  flanges  at  the  centre.  It  is  true  that  the  amount  of 
bracing,  both  in  the  web  and  in  the  horizontal  bracing,  increases 
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towards  the  ends  and  thus  to  a  great  degree  compensates  for  the 
variation  of  section  in  the  flanges.  Still,  the  difficulty  remans  in 
the  case  of  very  large  girders  whose  own  weight  forms  the  greater 
portion  of  the  total  load,  and  this  preponderance  of  flange  weight 
near  the  centre  is  the  chief  reason  why  single  girders  are  less 
economical  than  continuous  ones  when  the  span  is  very  great. 

The  empirical  percentages  adopted  in  the  foregoing  examples 
may  perhaps  be  objected  to,  and  it  must  be  confessed  that  they  are 
liable  both  to  criticism  and  to  correction  from  future  experience. 
I  have,  however,  made  the  most  of  the  few  recorded  facts  on  which 
dependence  can  be  placed,  and  would  here  suggest  to  my  brother 
engineers  that  they  should,  as  opportunity  occurs,  place  on  record 
in  a  tabular  form  the  detailed  weights  of  wrought-iron  and  steel 
girders,  in  order  that  this  branch  of  our  practice  may  attain  that 
amount  of  precision  that  such  statistical  information  alone  can 
supply.  In  furtherance  of  this  object  I  have  added  in  the 
Appendix  the  detailed  weights  of  the  Boyne  lattice  bridge,  which 
I  collected  when  Resident  there,  also  the  details  of  the  Conway 
tubular  plate  bridge  and  a  few  others.  The  examples  in  the 
present  chapter  indicate  the  direction  in  which  improvements  in 
constructive  detail  may  be  sought  with  most  prospect  of  success. 
In  very  large  girders  this  is  a  matter  of  great  importance,  for  even 
a  very  slight  diminution  of  any  of  the  empirical  percentages  may 
eflect  a  large  amount  of  economy. 

519.  Fatiyne  of  the  material  fgr^mter  In  lonir  than  In  short 
hrldfres. — Though  the  maximum  unit-strains  may  be  the  same  in 
two  bridges,  one  long  and  the  other  short,  the  permanent  unit- 
strains,  that  is,  the  fatiffue  of  the  material  from  the  permanent  load 
(490),  will  be  much  higher  in  the  bridge  of  great  span.  Thus,  com- 
paring Examples  2  and  11,  we  find  that  the  fatigue,  or  permanent 
inch-strains,  of  a  railway  bridge  400  feet  long,  are  4*06  tons  tension 
and  3*25  tons  compression,  while  the  corresponding  inch-strains 
of  a  bridge  108  feet  long,  are  2*12  tons  tension  and  1*7  tons 
compression.  If  iron  possessed  unlimited  viscidity,  that  is,  the 
property  of  slowly  and  continuously  changing  shape,  like  pitch, 
under  prolonged  strains  of  moderate  extent,  it  seems  reasonable  to 
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suppose  that  the  longer  bridge  would  fail  sooner  than  the  short  one, 
in  consequence  of  its  progressive  deflection  increasing  more  rapidly. 
Experience  does  not  favour  this  hypothesis,  for  though  experiments 
render  it  probable  that  all  ductile  metals  will  change  shape  to 
an  unlimited  extent  under  enormous  pressure,  in  this  respect 
resembling  plastic  clay,  it  seems  equally  certain  that  no  continuous 
deformation  takes  place  in  structures  whose  unit-strains  are  kept 
well  within  the  limits  of  elasticity  (410).  Again,  it  is  conceivable, 
nay  probable,  that  severe  fatigue  (especially  if  aided  by  vi))ration), 
may  so  alter  the  constitution  of  iron  as  to  weaken  parts  in  tension, 
either  by  rendering  them  brittle  or  by  actually  diminishing  their 
tensile  strength  (409).  If  this  were  the  case  within  the  limits  of 
strain  which  occur  in  practice,  the  longer  bridge  should  still  fail 
first.  If,  on  the  other  hand,  large  fluctuations  in  the  amount  of 
strain  affect  the  molecular  condition  of  iron  injuriously,  and 
produce  a  tendency  to  rupture,  then  the  short  bridge  should  fail 
sooner.  The  experiments  recorded  in  Chap.  XXVIII.  will  prevent 
anxiety  in  either  case  when  the  working  strains  do  not  exceed 
those  in  usual  practice  (411^  ^n,  495). 

GIRDERS  UNDER  200  FEET  IN  LENGTH. 

590.  Flanyeff  nearly  equal  to  wetirht  to  each  otlier^  and 
web  nearly  eqnal  In  welirht  to  one  flanire. — When  an  iron 
lattice  girder  of  the  ordinary  proportions  of  length  to  depth  does 
not  exceed  200  feet  in  span,  the  flanges  are  veiy  nearly  equal  in 
weight  to  each  other  (499),  and  the  web  is  very  nearly  equal  in 
weight  to  one  flange.  Moreover,  the  quantity  of  material  in  the 
compression  flange  is  nearly  equal  to  its  theoretic  central  area 
multiplied  by  its  length ;  for  though,  in  correct  practice,  the  section 
of  the  flange  is  reduced  towards  the  ends,  it  so  happens  that  the 
empirical  allowance  for  covers,  rivet  heads,  packings  and  waste, 
that  is,  the  difference  between  the  actual  and  the  theoretic  flange, 
is  closely  compensated  for  by  assuming  that  the  flange  carries  its 
theoretic  central  area  uniformly  throughout  the  whole  length. 
Hence,  we  have  the  following  empirical  formula  for  the  weight  of 
material  in  the  main  girders,  which  will  be  found  convenient  in 
practice. 
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Q  =  ^  =  I  a/,  nearly.  (253) 

where  G  =  the  weight  of  the  main  girders  and  end  pillars  in  tons, 
a  =  the    theoretic    area   of    both   compression   flanges 

together  at  the  centre,  in  square  feet, 
I  =  the  length  in  feet, 
4*6  =  the  number  of  cubic  feet  of.  wrought-iron  in  one  ton. 
For  girders  loaded  uniformly  we  have  (eq.  25), 

whence,  by  substitution  in  eq.  253, 

WZ' 

Q  =  IP  (254) 

where  W  =  the  total  distributed  load  in  tons,  including  the  weight 

of  the  ^rder, 
I  =z  the  length  in  feet, 
d  =  the  depth  in  feet, 
/=r  the  working  strain  in  tons  per  square  foot  of  gross 

section.* 

Ex.  In  Ex.  11,  for  instance,  Q  =  ^^^}}^^^}^^l  =  4«-5ton»,  which  is  but  very 

12X(4X144)X9  ^  ^ 

slightly  less  than  the  f  onner  result. 

591.  Andersoii's  mle  —  Weiirlito  of  lattice  and  plate 
irlrders  under  900  feet  In  lenn^h. — I  am  indebted  to  William 
Anderson,  Esq.,  for  the  following  simple  rule,  derivable  from  eq. 
254,  for  approximate  estimates  of  railway  bridges  under  200  feet 
in  length,  whose  depth  is  -j^th  of  their  length,  and  whose  working 
inch-strains  are  5  tons  tension  and  4  tons  compression.  Multiply  the 
total  distributed  had  in  tons  by  4,  and  the  product  is  the  weight  of  the 
main  girders^  end  pillars  and  cross-bracing  in  lbs.  per  running  foot, 

Ex.  1.  The  total  distributed  load  in  Ex.  11  equals  248  tons;  hence,  4X248= 

992  lbs.  =  the  weight  of  main  girders^  end  pillaxs  and  cross-bracing  per  ronning  foot, 

992 X 108 
aad their  total  wdght  =-^2^  =  47-8  ton.,  which  M;t«e.  ye.7  do«.ly  with  the 

f onner  result. 

*  The  reader  will  recollect  that  the  usual  tensile  working  strain  of  iron,  namely,  5 
tons  per  square  inch  of  net  section,  practically  reqidres  the  same  sectional  area  as  the 
usual  compressive  working  strain  of  4  tons  per  square  inch  of  groi$  section  (497). 
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The  following  table  contains  the  weights  of  wrought- iron  lattice 
^rders  for  railway  bridges  up  to  200  feet  in  length,  calculated  by 
the  foregoing  rule  for  the  three  different  standard  working  loads 
described  in  490.  In  making  use  of  this  table,  the  reader  will 
bear  in  mind  the  following  conditions : — 

a.  The  working  strains  in  the  flanges  are  5  tons  per  square 
inch  of  net  section  for  tension,  and  4  tons  per  square  inch 
of  gross  section  for  compression. 
6.  The  proportion  of  depth  to  length  =  -j^. 

c.  The  dead  weight  of  cross-girders,  platform,  ballast,  sleepers, 

and  rails  =  0*54  tons  per  running  foot  of  single  line  (445). 

d.  The  weight  of  main  girders  for  a  double-line  bridge  is  twice 

that  given  in  the  table  for  a  single-line  bridge. 

e.  It  is  probable  that  the  weights  in  the  table  for  the  longer 

bridges,  say  above  140  feet,  are  rather  in  excess  of  truth, 
and  that  those  for  the  shorter  bridges,  say  under  60  feet, 
are  slightly  under  the  truth. 
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TABLE  I.~Wkiqhts  of  siNOLB-Lnni  Wbougbt-ibon  Lattice  BAHiWiT  Gibdxb8» 

TBI  DBFTH  BKINO    ffTR  OF  THE  UDIOTH. 


Length  of  bridge 

from  centre  to 
centre  of  beazlngi. 

Weight  of  Main  girders,  End  pUlara,  and  Croas-bradng, 

when  the 
standard  load  on 

a  100- foot 

bridge  =1  ton 

per  foot. 

when  the 
standard  load  on 

a  100-foot 
bridge  =  1|  ton 

per  foot. 

when  the 
standard  load  on 

a  100-foot 
bridge  =  1|  ton 

per  foot. 

feet. 

tona. 

tons. 

tons. 

12 

0-7 

0-8 

0-84 

16 

114 

1-86 

1-44 

24 

2-19 

2-59 

2-78 

82 

8-4 

40 

4-2 

40 

4-9 

5'S 

6-2 

60 

11-8 

18-4 

14-0 

80 

20-8 

24-8 

26-6 

100 

88-5 

890 

40-7 

120 

497 

67-6 

60-2 

140 

70-6 

80-8 

84-0 

160 

95*4 

108-2 

112-6 

180 

126-4 

141-6 

146-7 

200 

162*2 

180-0 

186-7 

Ex.  2.  What  is  the  weight  of  iron  required*  for  a  single-line  lattice  girder  bridge, 
140  feet  long  between  bearings^  whose  depth  =  11  feet  8  inches,  and  whose  working 
inch-strains  are  the  ordinary  ones  of  6  and  4  tons  tension  and  compression  respectively, 
the  standard  load  being  1}  tons  per  foot  on  a  100-foot  bridge  t  From  the  table  we  find 
that  the  weight  of  the  main  girders^  the  end  pillars  and  cross-bracing  equals  80*8  tons, 
adding  to  this  the  weight  of  the  cross-girders,  supposed  8  feet  apart,  namely,  140  X  '18 
=  26*2  tons  (445),  we  have  the  total  weight  of  iron  =  106-6  tons. 

The  following  table  has  been  constmcted  by  Mr.  Baker,  by 
taking  as  far  as  possible  the  weights  of  girders  actually  erected, 
calculating  missing  links  in  the  series,  rectifying  the  curves,  and 
interpolating.* 


*  Baker  on  the  Strength  ofBeanu,  p.  319. 
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TABLE  IL'Weiohts  or  Wbouoht-ison  Plate  Gibdebs,  the  depth  being  1-lOth 
of  the  length,  and  the  working  strain  4*5  tons  per  (gross  !)  square  inch  in  tension. 


feet. 

Load  in  cwt.  per  foot  ran  (exdnaive  of  fcbe  weight  of  the  girders). 

10 

U 

SO 

2ft 

80 

86 

40 

80 

60 

70 

80 

Weight  of  Girders  in  cwt. 

10 

5-6 

6-5 

7-4 

8-3 

9-2 

10-2 

11-0 

12-8 

14-6 

16-2 

17-5 

15 

100 

11-9 

18-5 

15-2 

16-7 

18-4 

20-2 

28-4 

26-4 

29-2 

820 

20 

17-8 

20-5 

28-4 

26-8 

29-0 

81-7 

84*5 

40-8 

45-6 

50*5 

55*5 

25 

26-6 

81-0 

85*4 

89-8 

44-2 

48*0 

52-0 

60*8 

68-6 

76*0 

88*5 

80 

88 

44 

50 

56 

62 

68 

74 

86 

97 

108 

118 

85 

51 

58 

66 

74 

82 

89 

97 

118 

129 

145 

160 

40 

65 

75 

85 

95 

105 

115 

125 

145 

166 

187 

209 

45 

82 

94 

106 

118 

180 

142 

154 

180 

207 

236 

264 

50 

101 

115 

180 

144 

159 

178 

188 

220 

254 

290 

825 

55 

118 

135 

152 

169 

187 

204 

222 

259 

298 

340 

882 

60 

188 

157 

177 

196 

217 

237 

258 

802 

848 

395 

441 

65 

159 

181 

204 

227 

251 

275 

298 

848 

400 

458 

507 

70 

198 

225 

258 

282 

812 

842 

872 

435 

500 

565 

630 

76 

228 

260 

292 

826 

860 

894 

429 

500 

575 

650 

726 

80 

258 

294 

881 

369 

407 

446 

484 

566 

650 

735 

822 

85 

291 

888 

875 

416 

460 

502 

546 

687 

782 

829 

928 

90 

826 

878 

420 

467 

515 

568 

612 

712 

818 

927 

1040 

95 

865 

417 

470 

528 

576 

630 

686 

800 

920 

1048 

1172 

100 

406 

464 

522 

581 

641 

701 

764 

892 

1028 

1167 

1310 

110 

495 

565 

686 

708 

780 

855 

980 

1090 

1260 

1430 

1610 

120 

595 

677 

762 

848 

984 

1020 

1112 

1305 

1510 

1720 

1940 

180 

705 

800 

900 

1000 

1100 

1200 

1310 

1540 

1780 

2000 

2300 

140 

828 

940 

1059 

1178 

1298 

1417 

1546 

1810 

2085 

2876 

2686 

150 

950 

1090 

1280 

1870 

1510 

1650 

1800 

2100 

2410 

2740 

8100 

160 

1095 

1255 

1414 

1574 

1732 

1896 

2066 

2415 

2782 

8172 

3585 

170 

1250 

1480 

1610 

1790 

1970 

2160 

2350 

2750 

8180 

8680 

4100 

180 

1426 

1626 

1826 

2086 

2240 

2450 

2670 

8140 

8630 

4180 

4670 

190 

1614 

1882 

2060 

2280 

2510 

2750 

8010 

8550 

4100 

4670 

5270 

200 

1810 

2050 

2800 

2550 

2800 

8070 

8870 

3980 

4600 

5230 

5900 
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5M.  Weiffhto  of  similar  iplrders  ODder  900  feet  span 
¥ary  nearly  ai»  the  sqoare  of  their  leDi^li — ^Mo  deftnlte  ratio 
existo  lietween  tlie  leaitlui  And  weiylito  of  very  larye 
f(irder«. — ^An  analysis  of  the  foregoing  tables  shows  that  the  ratio 
of  the  weights  of  similar  railway  girders  from  40  to  200  feet  in 
length  vary  between  the  square  and  the  2*3  power  of  their  lengths 
(894).  In  Example  2,  the  main  girders,  400  feet  long,  weigh 
1047  tons,  and  in  Example  5,  a  similar  pair  of  main  girders,  480 
feet  long,  weigh  2449*6  tons.  These  weights  are  nearly  as  the  5th 
power  of  the  lengths.  Again,  comparing  Examples  3  and  6,  which 
differ  from  the  two  former  merely  in  having  higher  unit-strains, 
we  find  the  weights  of  the  main  girders,  which  are  713  tons  and 
1405*9  tons  respectively,  are  nearly  as  the  4th  power  of  the  lengths. 
These  comparisons  show  that  no  definite  ratio  exists  between  the 
lengths  and  weights  of  very  large  girders,  and  any  argument  based 
on  such  an  assumption  must  be  altogether  fallacious. 
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CHAPTER  XXX. 

LIMITS  OF  LENGTH   OF  GIRDEBS. 

5t8«  Cast-iron  girders  In  one  piece  rarely  exeeed  50  feet 
In  lennrth — Componnd  i^lrders  adTlsable  Air  ir^at^*  spans  IT 
cast-Iron  Is  used. — Cast-iron  girders  in  one  piece  rarely  exceed 
50  feet  in  length,  though  this  is  bjr  no  means  the  possible  limit  of 
length  of  single  castings,  for  Mr.  Hawkshaw  has  employed  cast-iron 
in  single  girders  of  86  feet  span,*  and  Sir  Wm.  Fairbaim  mentions 
a  bridge  with  girders,  each  76  feet  long  in  one  casting,  that  were 
made  in  England  and  erected  on  the  Haarlem  Railway  in  Holland.! 
When  cast-iron  girders  are  required  of  greater  length  than  40  or 
50  feet,  it  is  advisable  to  truss  them  with  wrought-iron,  as  cast- 
iron  is  ill-suited  for  resisting  tension  (851).  Disastrous  results 
have  sometimes  attended  the  use  of  compound  girders,  and  they 
acquired  a  very  bad  reputation  at  one  time,  but  the  fault  lay  not 
so  much  in  the  combination  of  the  two  materials  as  in  the  mode  of 
combination,  which  sometimes  betrayed  sad  ignorapce  of  the 
elementary  principles  on  which  girders  should  be  constructed,  the 
depth  of  the  trussed  girder  having  been  in  some  instances  con- 

siderably  less  at  the  centre  than  at  the  ends. 

5M«  Practical  limit  of  leni^h  of  wrooi^ht-lron  i^lrders 
with  horlBontal  flanges  does  not  exceed  900  feet. — ^Vested 
interests  and  local  peculiarities  generally  determine  the  spans  of 
large  bridges  and  it  may  therefore  seem  useless  to  attempt 
solving  the  question,  "  What  is  the  practical  limit  of  length  of  a 
girder?"  Curiosity  on  this  subject  is,  however,  natural,  and  I 
may  therefore  claim  indulgence  for  devoting  a  short  space  to 
investigating  a  question  which,  indeed,  is  not  altogether  devoid  of 

•  Proe.  Intt.  C.  B.,  Vol.  xiii,  p.  474. 

i  OntKt  ApplieaUon  of  Iron  to  Building  Purpo^u,  p.  27. 
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practical  utility.  When  the  dimensions,  weight  and  unit-strains  of 
any  given  girder  are  known,  we  can  find  the  length  of  a  similar 
^rder  which  will  barely  support  itself;  for  it  has  been  ak'eady 

shown  in  69,  that  if  the  weight  of  a  given  girder  equals  -th  of  its 

breaking  weight,  a  similar  girder  n  times  longer  will  just  break 
with  its  own  weight.  Thus,  in  the  first  example  in  the  previous 
chapter,  a  pair  of  girders  whose  depth  equals  1-1 2th  of  their  length, 
267  feet  long  and  weighing  335*44  tons,  sustidn  from  their  own 
weight  1*64  tons  tension  and  1*31  tons  compression  per  square 
inch ;  supposing  the  tensile  and  compressive  strength  of  plate  iron 
to  be  20  tons  and  16  tons  per  square  inch  respectively,  these  work- 
ing strains  are  equal  to  the  breaking  strains  divided  by  12*2. 
Hence,  a  similar  girder  12*2  times  longer,  or  3257  feet  in  length, 
will  just  break  down  from  its  own  weight.  Now,  the  length  of  a 
similar  ^rder  whose  working  strains  are  only  one-fourth  of  its 

3257 
ultimate  strength  will  be  — j—  =  814  feet  nearly,  which  therefore 

is  the  extreme  possible  limit  of  an  iron  lattice  girder  whose  depth 
equals  l-12th  of  its  length,  whose  inch-strains  are  5  tons  tension  and 
4  tons  compression,  and  whose  empirical  percentages  are  similar  to 
those  in  the  first  example  of  the  preceding  chapter.  The  practical 
limit  is  of  course  far  short  of  this  and  probably  does  not  exceed 
650  feet. 

Again,  in  Ex.  4,  the  main  girders,  400  feet  long,  whose  depth 
equals  l-15th  of  their  length  and  which  weigh  937*4  tons,  sustain 
3*14  tons  tension  and  2*52  tons  compression  per  square  inch  from 
their  own  weight.  As  these  strains  are  equal  to  the  ultimate 
strength  of  ordinary  plate  iron  divided  by  6*35,  a  similar  girder  6*35 
times  longer,  or  2540  feet  in  length,  will  just  break  down  from  its 
own  weight.  Hence,  the  length  of  a  similar  girder  whose  working 
strains  from  its  own  weight  are  l-4th  of  its  ultimate  strength 

will  be  —7—  =  635  feet,  which  therefore  b  the  limiting  length  of 

an  iron  lattice  girder  whose  length  equals  15  times  its  depth,  whose 
inch-strains  are  5  tons  tension  and  4  tons  compression,  and  whose 
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empirical  percentages  are  similar  to  those  adopted  in  the  fourth 
example  of  the  preceding  chapter.  The  practical  limit  probably 
does  not  exceed  500  feet. 

Again,  in  Ex.  9,  the  main  girders,  600  feet  long,  whose  depth 
equals  l-16th  of  their  length  and  which  weigh  3396*6  tons,  sustain 
4'8  tons  tension  per  square  inch  from  their  own  weight.  This 
equals  the  ultimate  tensile  strength  of  ordinary  plate  iron  divided 
by  4'16 ;  hence,  a  similar  girder  4*16  times  longer,  or  2496  feet  in 
length,  will  just  break  down  from  its  own  weight,  and  the  length 
of  a  similar  girder  whose  working  tensile  inch-strain  from  its  own 

weight  is  6  tons,  or  »  o..^  of  its  ultimate  strength,  will  be  07000  = 

749  feet.  This  therefore  is  the  limiting  length  of  an  iron  lattice 
girder  whose  tensile  inch-strain  is  6  tons,  whose  depth  equals 
l-16th  of  the  length  and  whose  empirical  percentages  are  the  same 
as  those  adopted  in  Ex.  9  of  the  preceding  chapter.  The  practical 
limit  is,  doubtless,  below  600  feet. 

From  these  few  examples  we  may  reasonably  infer  that,  even 
with  the  most  careful  attention  to  proportion  and  economy,  the 
practical  limit  of  length  of  wrought-iron  girders  with  horizontal 
flanges  does  not  exceed  700  feet.  For  girders  of  greater  span  steel 
must  be  employed. 
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CHAPTER  XXXI. 

CONCLUDING   0B8ERTATI0NS. 

AMI.  HTpsthcsiB  <o  explain  the  natare  oT  stralafl  la  eoa- 
tlaBOos  ircbs. — The  reader  who  liaa  perused  the  foregoing  pages 
with  even  slight  attentioD  has  probably  arrived  at  the  coiiclu»ou 
that  diagonal  etnung  are  not  confined  to  braced  girders,  but  are  also 
developed  in  every  structure  which  is  subject  to  transverae  strain. 
This  follows  at  once  from  the  mechanical  law,  that  a  force  cannot 
change  its  direction  unless  combined  with  another  force  whose 
direction  is  inclined  to  that  of  the  former.  Thus,  a  vertical  pres- 
sure cannot  produce  horizontal  strains  in  the  flanges  without 
developing  diagonal  ones  at  the  same  time  in  the  web.  The 
following  hypothesis  will  perhaps  ^ve  a  clearer  conception  of  the 
nature  of  the  strains  in  continuous  webs.  It  is  offered,  however, 
merely  as  a  conceivable  condition  of  these  atnuna. 
Fig.  120. 


Let  Fig.  120  represent  part  of  a  closely  latticed  girder  whose 
neutral  surface,  or  snriace  of  unaltered  length  is  N  S.  The  stnun  in 
each  diagonal  of  an  ordinary  lattice  girder  is  uniform  throughout  its 
entire  length  (140).  Now,  suppose  that  horizontal  stringers  are 
attached  to  the  lattice  bars  at  th^  first  intersections  next  the  flanges, 
and  let  as  confine  oar  attention  to  the  apper  one  marked  c.  As 
soon  as  the  girder  deflects  tinder  a  load,  this  stringer  will  become 
compressed;  consequently,  it  will  relieve  the  upper  flange  of  a 
certun  portion  of  the  horizontal  strun  which  the  flange  would 

2  O 
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sustun  were  the  stringer  absent,  and  the  unit-stnun  in  the  stringer 

will  be  to  that  in  tlie  flange  ae   |g^.    The  part  of  each  diagonal 

above  the  stringer  will  also  be  relieved  of  a  certtun  portion  of 
ita  Btnun,  depending  on  the  horizontal  component  it  yields  up  to 
the  stringer.  Now,  conceive  similar  stringers  attached  at  each 
horizontal  row  of  lattice  intersections  above  and  below  the 
neutral  surface,  in  which  case  each  stringer  will  eustun  horizontal 
nnit-stnuns  directly  proportional  to  its  distance  from  the  neutral 
surface  where  they  are  cipher,  while,  on  the  other  hand,  the  etrtuns 
in  the  di^onals  will  diminish  as  they  approach  the  flanges,  their 
decTementt  of  strain  being  cipher  at  the  neutral  surface  and 
increasing  towards  the  flanges  in  the  direct  ratio  of  th^  distance 
from  the  aeutral  sur&ce,  provided  the  stringers  are  all  of 
equal  area.  We  thus  see  that  the  diagonal  strains,  and  therefore 
the  shearing  stnun  in  solid  girders,  or  in  girders  with  con- 
tinuous webs,  act  with  greatest  intensity  in  the  neighbourhood  of 
the  neutral  surface  where  the  horizontal  strains  are  nil,  while  they 
act  with  least  intensity  at  the  upper  and  lower  edges  where  the 
horizontal  strains  are  most  intense.  This  theory  agrees  with  an 
instructive  experiment  made  by  Mr.  Brunei  on  a  single-webbed 
plate  girder,  66  feet  long  between  bearings  and  10  feet  deep  at  the 
centre,  in  which  the  web,  formed  of  ^  inch  plates  with  vertical  lap 
joints,  gave  way  by  several  of  these  joints  near  one  end  tearing 
open  in  the  neighbourhood  of  the  neutral  surface." 
Fig.  i!l. 


*  Clark  on  tkt  Tvhtdar  Bridget,  p.  «7. 
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When  a  ringle  weight  rests  npoo  a  girder  with  a  continuous  web, 
it  eencU  off  stnuns  radiating  out  from  the  w^ght  in  all  directioDS, 
as  represented  in  Fig.  121,  and  we  ma;  conceive  that  this  first 
series  of  diagonal  strains  are  resolved  at  every  point  along  their 
length  into  diagonal  and  horizoBtal  stnuns,  as  in  the  lattice  ^rder; 
this  second  series  of  diagonal  struns  bebg  again  resolved  in  a 
umilar  manner,  and  so  on,  and  thus  we  have  horizontal  and  diagonal 
strains  interlacing  at  various  angles  in  all  girders  except  those  in 
which  they  are  forced  to  take  definite  directions  by  means  of  the 
bracing,  but  there  will  probably  exist  certain  Unes  of  maximum 
strain,  either  straight  or  curved,  whose  directions  will  vary  according 
to  the  porition  and  amount  of  the  w^ght,  as  well  as  the  flexibility 
of  the  material.  The  student  may  make  some  instructive  experi- 
ments on  this  subject  by  the  aid  of  a  model  girder  formed  by 
stretching  a  web  of  drawing  paper  over  a  light  rectangular  frame 
of  timber,  which  will  repr^ent  the  flanges  and  end  pillars.  By  the 
aid  of  little  movable  wooden  struts,  to  represent  verticals,  he  can 
vary  the  directions  of  the  lines  of  stnun  to  a  very  conaderable 
extent. 

It  is  not  at  first  ught  easy  to  see  how  strains  are  transmitted 
through  the  neutral  surface,  for  the  particles  there  are  apparently 
undisturbed  in  form.  It  is  conc^vable,  however,  that  particles 
wluch  are  spherical  when  free  from  strun  may  become  elongated 
by  tension  in  one  direction  and  shortened  by  compressioD  at  right 
angles  to  it,  so  as  to  assume  an  oval  shape,  while  horizontal  lines 
parallel  to  the  neutral  surface,  N  S,  retun  their  original  length,  as 
represented  in  Fig.  122. 

Hg.  122. 


Aae.  StralB*   In   Ship* — An   iron   ship  is  a  hr^  tubular 


564  CONCLUDING   OBSERVATIONS.  [CHAP.  XXXI. 

structure,  more  or  less  rectangular  in  section,  underneath  which  the 
points  of  support  are  continually  moving,  so  that,  when  the  waves 
are  high  and  far  apart,  the  deck  and  bottom  of  the  vessel  are 
alternately  extended  and  compressed  in  the  same  way  that  the 
flanges  of  a  continuous  girder  are  near  the  points  of  inflexion  when 
traversed  by  a  pawing  train.  The  ddee  of  a  ship  are  formed  of 
continuous  plating  with  vertical  frames  at  short  intervals,  and  form 
very  efficient  webs;  the  bottom  also  is,  from  its  large  area,  fully 
adequate  to  its  duty  as  a  flange.  The  sides  and  bottom  flange 
of  the  girder  are  therefore  fully  developed,  but  the  upper  iron 
flange  is  sometimes  altogether  wanting,  or  else  sadly  out  of  pro- 
portion to  the  remainder  of  the  structure.  This  deficiency  is 
properly  remedied,  either  by  attaching  what  are  technically  called 
stringers  to  the  topsides,  or  better  still,  by  making  the  upper  deck 
entirely  of  iron  with  a  thin  sheeting  of  planks  resting  on  the  iron.* 
Deck  stringers  are  horizontal  plates  which  run  continuously  fore 
and  aft  beneath  the  planking  of  the  deck.  They  are  seldom  more 
than  3  or  4  feet  in  width,  but  in  some  few  cases  extend  as  far  as  the 
hatchways.  Similar  stringers  are  occasionally  riveted  to  the  sides 
underneath  each  of  the  lower  decks,  and  when  stringers  in  the 
same  plane  on  opposite  sides  of  the  ship  are  connected  by  diagonal 
tension  braces,  the  latter,  in  conjunction  with  the  deck  beams,  form 
very  efficient  cross-bracing,  and  greatly  increase  the  strength  and 
stifiness  of  the  ship  when  labouring  in  a  heavy  sea.  Bulkheads  act 
as  gussets  or  diicphragms,  and  stiffen  the  ship  transversely  by 
preventing  any  racking  motion  from  taking  place  in  the  direction 

of  their  diagonals. 

599.  Iron  and  timber  eombliieil  fbrm  a  cheap  girder — 
Timber  shoold  be  osed  In  larye  pleees^  not  ent  np  Into 
planks — Simpllelty  of  desiffn  most  desirable  In  ylrder- 
woriK. — ^Within  certain  limits  of  length,  one  of  the  cheapest  forms 

of  girder  is  one  made  of  timber  in  compression  with  wrought-iron 

in  tension  (187,  Ml).    The  earlier  types  of  wooden  lattice  bridges 

had  little  or  no  iron  in  thdr  composition  and  were  characterized  by 

*  *^Vtt  author  has  built  several  iron  veeeels  in  whidi  tar  asphalt  is  sobetitated  for 
the  timber  d^t^^ing. 
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the  small  scantlings  of  the  parts,  the  closeness  of  the  latticing,  and 
in  many  cases,  a  want  of  stiffness  both  vertically  and  laterally. 
This  defect  was,  no  doubt,  often  due  to  insuflScient  flange  area,  but 
may  also  be  attributed  to  the  small  size  of  the  scantlings,  and 
consequent  multiplicity  of  joints.  The  remedy  is  obvious.  Timber 
in  compression  should  be  used  in  bulk,  and  not  cut  up  into  thin 
planks.  Laminated  arches,  it  is  true,  are  an  apparent  exception  to 
this  rule,  but  in  reality  a  laminated  beam  possesses  the  aggregate 
section  of  its  component  parts  which  are  bound  together  so  that 
they  act  as  one  solid  piece.  Even  when  used  in  tension,  it  may  be 
doubtful  economy  to  use  several  thin  planks  where  one  of  larger 
section  would  suffice.  The  liability  to  decay  from  moisture 
lodging  in  the  numerous  joints  is  another  serious  objection  to 
close  timber  latticing,  though  this  is  sometimes  diminished  by  the 
protection  of  a  roof  extending  over  the  whole  bridge  (485). 

In  conclusion,  it  may  not  be  amiss  to  say  a  few  words  on 
designing  girders.  Simplicity  and  consequent  facility  of  construc- 
tion should  never  be  lost  sight  <^.  Complicated  arrangements  are 
to  be  deprecated,  whether  designed  to  affect  some  saving  more 
apparent  than  real,  or,  as  one  is  sometimes  tempted  to  conjecture, 
from  a  craving  after  novelty.  The  various  parts  of  girder  work 
should,  as  much  as  possible,  be  repetitions  of  the  same  pattern, 
easily  put  together  and  accessible  for  preservation  or  repair.  Hence, 
as  a  rule,  closed  cells,  difficult  for^ngs,  curved  forms  where  straight 
ones  would  effect  the  object  equally  well,  and  a  great  variety  of 
sizes  to  meet  excessive  theoretic  refinement,  are  to  be  carefully 
avoided. 
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BOTNE   LATTICB  BBIDGE. 

598.  CtoBeral  descriptioa  and  detailed  welyhto  of  irlrder- 
work. — The  Bojne  Viaduct  carries  the  Dublin  and  Belfast 
Junction  Railway  across  the  valley  of  the  Biver  Boyne  near 
Drogheda,  and  consists  of  several  lofty  semi-circular  stone  arches 
on  the  land,  and  a  wrought-iron  lattice  bridge  in  three  spans  over 
the  water,  the  surface  of  which  is  about  90  feet  below  the  girders, 
so  that  vessels  of  considerable  tonnage  can  sail  beneath.  The 
givder-work  is  formed  of  two  lattice  double-webbed  main  girders, 
having  their  top  flanges  connected  by  cross-bracing,  and  the  lower 
flanges  connected  by  cross-girders  and  diagonal  ties,  so  as  collectively 
to  form  an  openwork  tubular  bridge  for  a  double  line  of  railway, 
as  shown  in  cross-section  in  Plate  IV.  Each  main  girder  is  a 
continuous  girder,  3  feet  vride  and  550  feet  4  inches  long,  in  three 
spans.  The  centre  span  is  267  feet  from  centre  to  centre  of 
bearings,  and  264  feet  long  between  bearings.  Each  side  span  is 
140  feet  11  inches  long  from  centre  to  centre  of  bearings,  and  138 
feet  8  inches  long  between  bearings.  The  flanges  are  horizontal 
throughout,  and  the  depth  of  girder,  measured  from  root  to  root  of 
angle  irons,  is  22  feet  3  inches,  or  l-12th  of  the  centre  span  and 

^T^th  of  each  side  span.    Each  of  the  terminal  pillars  is  18  inches 

broad  in  elevation  and  has  a  bearing  surface  of  3  X  1'5  =  4*5 
square  feet ;  each  of  the  pillars  at  the  ends  of  the  centre  span  is 
8  feet  broad  in  elevation  and  has  a  bearing  surface  of  3x3  =  9 
square  feet.  The  cross-girders  are  7  feet  5  inches  apart  from 
centre  to  centre  and  correspond  with  the  intersections  of  the  lattice 
bars,  which  are  placed  at  an  angle  of  45^  and  form  squares  of  5 
feet  3  inches  on  the  side.  The  quantities  of  material  in  the 
girder- work  are  as  follows : — 

*  For  furtber  descriptioii,  see  Proc.  Imt,  CB.,  VoL  xiv. ;  aim,  Proe,  Init,  C.E.  of 
Irdand,  YoL  ix. 
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TABLE  L— WsoHT  of  WBoraHT-ntON  in  baoh  sidi  Sfav,  140  nsr  11  ihohes 

BSTWISN  OBimUD  OF  BIABIN08  AND  80  FBXT  WIDB  FBOM  OUT  TO  OUT. 


Two  TOP  Flanges. 


Plates  and  angle  iron, 

Coyera, 

Packings, 

Rivet  heads, 


Two  BOTTOM  Flanges. 


Plates  and  angle  iron. 
Covers, 
Packings,     - 
Rivet  heads. 


Two  DOUBLE-LATTICED  WSBS. 


Tension  diagonals,  - 
Compression  do.,  - 
Rivet  heads  at  intersections. 


Cboss-bbaoing. 


6  lattice  cross-girders  connecting  top  flanges. 

Horizontal  diagonal  tension  bars  (top  and  bottom)  and  a  longitu- 
dinal angle  iron  stiffener  along  the  centre  at  top, 


Rivet  heads, 


CB0B8-OIBD1B& 


18  lattice  road-girders,  including  end  gussets, 

nron  between  end  pUlan,  .        .  .  . 

Platform  planking,  ...... 

Longitudinal  sleepers  (double  line). 

Rails  and  joint  plates  (Barlow's),    .  -  .  - 

Permanent  load  on  one  side  span^    - 

equal  to  1*36  tons  per  running  foot  for  the  double  line. 


Tons.       Tons. 


27-46 
8-57 
6-38 
2-44 


2710 
8*84 
6*40 
2*25 


10*96 

27-70 

0*13 


8*70 

6*86 
010 


29*40 


89*84 


39*69 


88*79 


9*16 


28*72 


15110 


2*46  \     40*41 
8*66 


191-51 
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TABLE  IL— WiiOHT  or  wbouoht-ibov  nr  the  oistu  Sfah,  267  nor  bbtwun 

CKRTBn  OF  BEABIK08  AVD  80  TEMl   WIDE  FBOM  OUT  TO  OUT. 


Two  TOP  Flavoib. 


Plates  and  angle  iron. 
Coven,    - 
Packings, 
Rivet  heads, 


Two  BOTTOM  FlANOIS. 


Plates  and  angle  iron, 
Covers,    - 
Packings, 
Bivet  heads. 


Two  DOUBLB-LATTIOID  WXB8. 


Tension  diagonals, 

Compression  do., 

Bivet  heads  at  intersections, 


CBO88-BBA0INO. 


11  lattice  cross-girders  connecting  top  flanges, 

Horizontal  diagonal  tension  bars  (top  and  bottom)  and  a  lengita- 
dinal  angle-iron  stiffener  along  the  centre  at  top. 


Bivet  heads, 


Cboss-oixdbbb. 


35  lattice  road-girdeFs^  including  end  gussets, 
Bron  1>9twoMi  0nd  |iHlitn>    ... 
Platform  planking,  .... 

Longitudinal  sleepers  (double  line),   .     • 
Rails  and  joint  plates  (Barlow's), 

Permanent  load  on  centre  spant   - 

equal  to  1*64  tons  per  running  loot  for  the  double  line. 


Tons. 
79-09 

9-88 
11-83 

5*18 


82-19 
9*85 

11*90 
5-18 


80*80 

61*76 

•25 


6-77 

10*69 
*20 


Tons. 


105*48 


109*12 


82*81 


17-66 


4618 


55-57 
4*62 


16*20 


aei-ao 


76-89 


437-59 
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TABLE  in.— WxiOET  ov  wbouoht-ibov  nr  thi  Pillabb  avo   CBoas-aniDiBs 

OVIB  BUFFOBTa 


PlLLABfl^  &a,  OYER  SAOH  LaVD  ABUTMBITT. 

2  teirminal  pOlan  at  end  of  one  dde  span, 

1  lattioe  croB8*girder  connecting  heads  of  pOlan, 

1  lattice  cro88-girder  and  goBsets  connecting  feet  of  pillars, 

PiLLABS,  &a,  OYBB  SOUTH  RlTBB  PlBB.* 

2  pillan  at  south  end  of  centre  span,       .  .  .  . 
1  lattice  cross-girder  connecting  heads  of  pillars, 

1  lattice  cross-girder  connecting  feet  of  pillars,    - 

2  gnssets  between  pillars  and  pier,  .  .  .  . 

Pillabb,  &o.,  oybb  vobth  Rivbb  Pibb. 
2  pillars  at  north  end  of  centre  span,       .  .  .  ■ 

1  lattice  cross-girder  connecting  heads  of  pillars, 
1  lattice  cross-girder  connecting  feet  of  pillars,   - 


Tons. 
6-88 

8-40 

8-45 


15-80 
5-24 
1-09 
2-48 


15*80 
5-24 


5-02 


Tons. 


18-28 


2406 


25-56 


TABLE  IV.— Summabt  ov  wbought-ibov. 


Tons. 

One  side  span,        ........  151*10 

Second    do.,          -------            -  151-10 

Centre  span,           ........  861-20 

Pillars,  &C.,  over  one  land  abutment,         -            -            -            -            -  18*28 

Bo.        „     second        do.     -            -            -            -            -            -  18-28 

Do.        „     south  riyer  pier,              -            •           .  •                        •  24*06 

Do.        „     nortii  river  pier,              -            -            -            -            -  25-56 

Total  welgl&t  of  wrouglit^lroii  in  the  8  spans,                                   -  739*48 
550  feet  4  inches  in  total  length,  equal  to  1*844  tons  per  running  foot  for 
the  double  line  of  railway. 


*  The  pillars  are  firmly  secured  to  this  pier ;  rollers  are  used  on  the  nortii  pier  and 
on  both  abutments. 
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TABLE  v.— WnoHT  ov  Sou-plaisb,  Bollibs  ahd  Wall-platis. 


OviB  TWO  AsunaifTS. 

4  planed  cast-iron  sole-platee  riveted  to  feet  of  pillan,   - 

4  planed  cast-iron  waH-platea  resting  on  the  masoniy, 

2  sets  of  4-incli  wroaght-iron  rollen  and  frames  over  the 
north  abutment^  ..... 

2  sets  of  44-inch  wronght-iron  rollers  and  frames  over 
the  south  abutment,    ..... 

Ovn  SOUTH  RiVBB  Pbb. 
2  cast-iron  sole-plates  riveted  to  feet  of  pillars,  - 
2  cast-iron  wall-plates  resting  on  the  masonry,    - 

Oyer  nobth  Biveb  Pub. 

2  planed  cast-iron  sole-plates  riveted  to  feet  of  piUars,  - 

2  planed  cast  iron  wall-plates  resting  on  the  masonry, 

2  Mto  of  6-i.di  chiUed  cMt-inn  roUem  and  wnmght-iron 
frames,  ...... 


Tons. 

owts. 

qrs. 

lbs. 

— 

17 

2 

16 

2 

11 

0 

0 

— 

10 

2 

0 

* 

12 

2 

26 

—      Id 


4 

1 


Total 


of  lolo  plBtoi,  roUora  Mid 


10 
IS 

15 

2 


0 
0 

0 

1 


12 


12 
16 

16 
14 


590.  WorklDi^  straiiui  and  area  of  flanir^ft. — The  strains 
produced  by  the  permanent  bridge-load,  plus  one  ton  of  train-load 
per  running  foot  on  each  line  of  way,  do  not  exceed  5  tons  tension 
per  square  inch  of  net  area,  t.«.,  after  deducting  the  rivet  holes,  and 
4  tons  compression  per  square  inch  of  gross  area.  The  gross 
sectional  area  of  the  top  flange  of  each  main  girder  in  the  centre 
of  the  centre  span  =  113*5  square  inches;  the  gross  area  of  the 
bottom  flange  at  the  same  place  =  127  square  inches,  and  its  net 
area  =  99  square  inches ;  over  the  piers,  between  the  centre  and 
side  spans,  the  gross  area  of  the  top  flange  of  each  main  girder 
=  132*6  square  inches, and  its  net  area  =  103*4  square  inches;  the 
gross  area  of  the  bottom  flange  at  the  same  place  =  127  square 
inches.  At  the  points  of  inflexion  in  the  centre  span,  about  40 
feet  from  the  piers  measured  towards  the  centre  of  the  bridge,  the 
gross  area  of  each  flange  =  68*5  square  inches. 
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5SO.  Folate  oriBflexloa — Prea»mre»  ob  pfdaM  efsapport. — 

The  points  of  inflexion  ma^  be  obtained  hj  the  meUiod  explained 
in  MM,  m  follows : — 


Let  CI  be  the  centre  of  the  centn  apaa,  and  o  and  o'  the  points 

of  inflexion. 

Let ;  =  A  B  =  C  D  =  141  feet  neariy, 

274*5 
AQ  =  nl,  whence  n  =  -qj-  =  1'95  nearly, 

w  =  the  load  per  running  foot  on  either  ode  span, 
u/  =  the  load  per  running  foot  on  the  centre  span, 
R,  =  the  reaction  of  either  abutment,  Aot  D, 
Rj  =  the  reaction  of  either  pier,  B  or  C. 
When  the  bridge  supports  its  own  wdght  only, 

10  =  1-36  tons  and  1/  =  164  tone. 


Cabb  1. 

Atl.  H»sbMam  ctndMs  In  (he  IUmvc>  of  Che  sMe  spaBB. — 
These  occur  when  the  passing  load  covers  both  side  spans  and  the 
centre  span  is  unloaded  (ttttt) ;  in  which  case,  assuming  tliat  the 
maximum  train-load  is  equivalent  to  one  ton  per  running  foot  on 
each  line  of  way,  we  have, 

10  ~  3-36  tons  and  to'  =  164  tons. 
From  equations  183  and  184  the  pressures  on  the   p<»nt«  of 
support  are  as  follows: — 

R,  ~  170  tons.  R,  =  523  tons. 
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The  positions  of  the  points  of  inflexion,  obtained  from  equations 
185  and  186,  are  as  follows: — 

Ao  =  101-2  feet        Bo'  =  53-2  feet 
The  strain  in  each  of  the  four  flanges  midway  between  A  and  o, 
%,e.y  in  the  centre  of  the  first  segment,  is  96*6  tons  (eq«  25). 

Case  2. 

539.  Ilaxiiniim  strains  in  the  flanifes  oftbe  centre  span. — 

These  occur  when  the  passing  load  covers  the  centre  span  alone, 

in  which  case, 

t/7  =  1*36  tons  and  w'  =  3*64  tons. 

The  pressures  on  the  points  of  support  are  as  follows : — 

Ri  =  —  24-6  tons.  R,  =  704  tons. 

Ri  being  negatiye,  signifies  that  a  load  of  24*6  tons  is  required  at 

each  end  to  prevent  the  girder  from  rising  off"  the  abutments  (M4), 

and  this  was  actually  the  case  when  the  bridge  was  proved  with 

one  ton  per  running  foot  on  each  line  of  the  centre  span,  the  side 

spans  being  unloaded.     The  girder  was  temporarily  tied  down  to 

the  abutments  by  bolts  secured  to  the  masonry,  but  the  bolts  drew 

out  and  the  ends  of  the  girder  rose  more  than  an  inch  above  their 

normal  position  on  the  rollers.    The  weight  of  a  locomotive  at 

each  end,  however,  soon  brought  them  down  again.     With  the 

lighter  working  loads  which  occur  in  practice  this  rising  ofi^  the 

abutments  does  not  occur.    The  position  of  the  points  of  inflexion 

in  the  central  span  is  as  follows : — 

Bo'  =  40-3  feet, 

and  the  strain  in  each  of  the  four  flanges  in  the  centre  at  Q  =  355 

tons  (eq.  25).    At  this  place  the  net  area  of  each  lower  flange  =  99 

355 
square  inches  and  the  tensile  inch-strain  therefore  =  -^  =  3'6 

tons. 

Case  3. 

583.  Haxlmam  strains  in  the  flanges  OTer  the  piers. — The 

maximum  strains  over  a  pier  occur  when  the  centre  span  and  the 
adjacent  side  span  are  loaded,  and  the  remote  side  span  is  unloaded. 
We  have,  however,  no  formula  for  this  condition  of  load,  but  we 
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have  a  close  approximation  to  it  when  the  passing  load  covers  all 
three  spans  (955),  in  which  case, 

w  =  3-36  tons  and  w'  =  3*64  tons. 
The  pressures  on  the  points  of  support  are  as  follows: — 

R,  =  107  tons.  R,  =  853  tons. 

The  positions  of  the  points  of  inflexion  are  as  follows  (eqs.  185 
and  186):— 

Ao  =  63-4  feet.  Bo'  =  44*7  feet 

The  strain  in  each  of  the  four  flanges  over  the  piers  =  406*4  tons 

(eq.  12).    The  net  area  of  each  upper  flange  at  this  place  =  103*4 

406*4 
square  inches  and  the  tensile  inch-strain  therefore  =  itvott  =  3*93 

tons. 

554.  Pointi  of  Inflexion  flxed  practically — ^Deflection — 
Camber. — The  points  of  contrary  flexure  in  the  centre  span  were 
practically  fixed  in  the  manner  described  in  950.  Two  joints  in 
the  upper  flange,  170  feet  apart  and  equi-distant  from  the  piers, 
were  selected  for  section.  The  rivets  were  cut  out  and  drifts  tem- 
porarily inserted  in  their  place.  These  drifts  were  then  cautiously 
struck  out  with  a  light  hammer,  and  a  slight  closing  of  the  joints 
proved  that  a  certain  amount  of  compression  had  previously  existed 
in  place  of  perfect  freedom  from  strain.  The  extreme  ends  of  the 
side  spans  were  then  lowered,  one  an  inch,  the  other  half  an  inch, 
which  caused  the  joints  to  open  about  ^:^th  of  an  inch.  In  this 
condition  it  was  obvious  that  no  strain  was  transmitted  through 
the  joints,  and  they  were  then  finally  riveted  up,  the  altered 
levels  of  the  extreme  ends  of  the  side  spans  being  maintained 
by  rollers  of  the  proper  diameter  placed  beneath  the  terminal 
pillars.  Tables  VI.  and  VII.  contain  the  deflections  produced  by 
various  conditions  of  load  during  the  first,  or  Engineer's  testing, 
and  the  second,  or  official  testing  of  the  bridge  by  the  Government 
Inspector  (409). 
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Each  span  was  built  on  the  platform  with  a  camber  in  order  that 
the  sky-line  might  be  nearly  horizontal  when  the  bridge  was  finished 
(458).  The  camber  at  the  centre  of  the  centre  span  at  different 
periods  was  as  follows : — 

TABLE  Vm.— Cambkb  at  obhtbi  of  thi  obntbb  spav. 


Liohes. 
During  constmction  on  the  pUtform,  .....    3*43 

After  wedges  were  straok  and  bridge  was  aelf-BapportiDg,                             -  1*56 

After  fixing  points  of  inflexion  and  lowering  the  ends  of  the  side  spans,  1*80 

After  the  second,  or  official  testing  of  the  bridge,      ....  0*84 

After  four  months'  traffic^      .......  o*90 


5S5«   BiX]ierim«it0  on  the  mtren§^  of  braced  plUani. — 

The  following  experiments  were  made  at  the  Bojne  Viaduct  in 
1854,  to  determine  the  strength  of  one  of  the  compression  diagonals 
of  the  web  which  were  made  of  flat  bar  iron  similar  to  the  tension 
diagonals,  but  with  the  addition  of  internal  angle  irons  and  cross- 
bracing  riveted  between  them  as  already  described  in  Ml.  The 
theory  of  braced  pillars  was  then  imperfectly  understood,  and 
it  was  determined  to  test  by  direct  experiment  whether  this 
arrangement  of  internal  cross-bracing  would  enable  a  bar,  thin  in 
proportion  to  its  length,  to  sustain  an  endlong  pressure  like  a  pillar, 
such  as  the  compression  diagonals  should  sustain  in  the  bridge. 
Accordingly,  the  following  experiments  were  made  on  one  of  the 
smaller  compression  diagonals  which  occur  near  the  centre  of  the 
centre  span,  the  author  being  present  and  recording  the  results. 

Experiment  1. 

The  first  experimental  pillar  resembled  Fig.  1,  Plate  V.,  in  every 
respect,  except  the  lower  portion,  which  was  formed  as  shown  in 
Fig.  4.  This  pillar,  which  was  31'  6"  in  length  with  4"  x  f ''  side 
bars,  was  erected  in  the  midst  of  some  timber  scaffolding  which  had 
been  used  for  a  stone  hoist.  The  testing  weight  was  suspended 
below  the  wooden  framing  on  which  the  pillar  stood  by  long  sus- 
pender rods  which  were  attached  to  cross  pieces  of  timber  resting 

2  p 
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on  the  top  of  the  pillar  (see  Figs.  2  and  3).  By  this  anangement 
the  pressure  was  made  to  pass  more  accurately  through  the  axis  of 
the  pillar  than  if  the  testing  weight  had  been  heaped  up  on  top;  it 
was  also  more  convenient  to  load  at  the  lower  level.  Cross  bare 
/,/,/,  were  attached  to  the  sides  at  the  same  intervals  as  the  latticing 
in  the  main  ^ders,  and  were  connected  at  their  ends  to  the  scaffold- 
ing, so  as  to  represent  the  tension  diagonals  in  the  bridge ;  and  here 
I  may  again  remind  the  reader  that  the  chief  advantage  of  a  multiple 
over  a  single  system  of  triangulation  consists  in  the  more  frequent 
support  given  by  the  tension  bars  to  those  in  compression,  as  well 
as  by  both  to  the  flanges;  the  parts  in  compression  are  in  fact 
subdivided  into  short  pillars,  and  thus  prevented  from  deflecting  in 
the  plane  of  the  girder  (153).  A  cord  was  stretched  vertically,  in 
order  to  get  the  lateral  deflections  during  the  experiment.  These 
were  taken  at' three  points.  A,  B,  C,  Fig.  1,  and  the  symbols  + 
or  —  placed  before  a  deflection  in  tiie  table  signifies  that  it  was  in 
the  direction  of  the  same  sign  engraved  at  the  mdes  of  the  figure. 


TABLE  IX.— Laxsbal  Diflkotions  or  a  bbacid  FHiLAB. 


Date. 

Tona. 

A 

B. 

c. 

Rbieaxks. 

1854. 

inches. 

inches. 

inches. 

Nov.  16 

5 

+  0-08 

+  0-05 

+  0-03 

A 

>f 

10 

00 

00 

+  0-05 

w 

M 

15 

0-08 

+  0-08 

+  0-05 

n 

20 

—  0-05 

0-0 

00 

yi 

25 

—  005 

O'O 

00 

' 

y> 

80 

—  0-05 

—  0-08 

—  0-04 

ff 

87i 

—  0-06 

—  0-07 

—  0-06 

tt 

40 

—  005 

—  0-01 

—  0-05 

With  40  tons,  the  side  bar  at  a,  Fig. 
4,  bent  sHffhtly  at  right  angles  to 
the  plane  of  the  fignre.    The  deflec- 

' 

tion  at  B  seems  anomaloiis;  probably 

a  mistake  for  0*10. 

n 

42J 

—  010 

—  0-10 

—  0-18 

With  42i  tons,  the  lower  part  of  the 
pillar  at  6, 5,  became  slightly  carved, 
with  the  convex  side  towards  the 
—  side. 

Nov.  17 

42i 

—  0-10 

—  010 

-.0-18 

Left  on  all  night ;  no  change  in  the 
morning. 

n 

45 

—  0-10 

—  0-15 

-0-16 

n 

47J 

.•* 

... 

... 

The  side  bars  gave  way,  as  shown  in 
Fig.  5. 

Looking  at  Fig.  4,  it  vrill  be  seen  that  about  8  inches  in  lengtii 
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of  each  side  bar  near  the  ends  of  the  pillar  were  left  without  internal 
angle  iron,  and  when  the  weight  amounted  to  47^  tons,  this  part 
jrielded  sideways,  as  shown  in  Fig.  5.  The  area  of  the  two  side- 
bars at  the  part  which  failed  amounted  to  5  square  inches ;  con- 
sequently, the  compressive  strain  which  passed  through  them  at 
the  moment  of  yielding  equalled  9^  tons  per  square  inch. 

EXPEBIMENT  2. 

The  pillar  in  the  first  experiment  failed,  as  indeed  had  been 
anticipated,  by  the  upper  part  moving  sideways  past  the  lower,  as 
if  connected  to  it  by  hinges.  The  pillar  was  taken  down,  the 
injured  part  removed,  and  the  length  thus  reduced  to  28'  6".  The 
repaired  pillar.  Fig.  1,  was  then  replaced  within  the  scaffolding  and 
the  following  table  contains  the  observations  recorded,  which  include 
the  contraction  in  length  of  each  side  under  compressive  strain. 
These  latter  observations  were  made  by  the  aid  of  wooden  rods 
suspended  at  each  side  from  near  the  top  of  the  pillar.  Each  rod 
was  24'  8^^'  in  length  from  the  point  of  suspension  to  the  index  at 
the  lower  end,  and  it  will  be  observed  that  the  contraction  of  one 
side  exceeds  that  of  the  other  in  a  very  anomalous  manner,  which 
can  only  be  explained  by  supposing  that  the  timber  framing  yielded 
more  beneath  one  side  than  the  other  and  thus  caused  a  greater 
strain  of  compression  to  pass  through  that  side  of  the  pillar  which 
contracted  most. 

TABLE  X. — Latkbal  DbfIiEOtiokb  axd  Yibtioal  CoNTBAOnoN  ov  a  Bbaged  Pillab. 


Date. 

Tons. 

A 

B. 

C. 

Rod  on 
+8ide. 

Rod  on 
-tide. 

OBSSSYATIOirS. 

1854. 
Nov.  26 

30 

inchML 
+0-03 

Inches 
+0-04 

InehesL 
+0-01 

Inches. 
0-C5 

inchea. 
0-26 

At  80  tons,  the  ridehar  at  c  bolged 
oatwarda  slightly,  with  a  tendency 
to  increase;  also  a  slight  hollow 
was  produced  at  d;  to  remedy 
this  bulging  (which  seemed  to  be 
caused  by  the  nnequal  compression 
of  the  timber  packing,  that  on  the 
+  side  yielding  more  than  that 
opposite),    a    strut    was    placed 
against  e,   and  the  weight  was 
blocked  up  until  the  27th;  wedges 
also  were   driren   between    the 
wooden  packings  underneath,  in 
order  to  tighten  them  up. 
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TABLE  X. — Lateral  Dxtliotions,  kc^continued. 


Data. 

Tona. 

A 

B. 

C. 

Rod  on 
+Bi<le. 

Rod  Ota 
-aide. 

OBSIKVATIOm. 

Inehet. 

inchea. 

inches. 

inches. 

inches. 

Nov.  27 

0 

••• 

••• 

••* 

0-0 

0-20 

Load  remored,  and  bnlging  at  c  re- 
mored  as  nearly  as  possible  bj 
means  of  a  screw-jack  which  was 
left  in  position ;  opposite  side  simi- 
larly blocked  ont  from  staging, 
and  blocks  were  placed  at  similar 
positions  at  top  of  pillar,  as  there 
appeared  a  tendency  of  top  to 
move  over  to — side. 

ft 

SO 

••■ 

•  •a 

«>« 

0-05 

0-25 

» 

35 

••• 

•  •• 

••  ■ 

0-06 

0-27 

If 

40 

00 

—001 

—0-08 

0-08 

0-81 

Left  hanging  <m  all  night,  wind  so 
strong  as  to  make  deflections  un- 
certain. 

Nov.  28 

40 

00 

—0-87 

—0-07 

0-09 

0*81 

The  hollow  at  d  still  well  marked 
and  a  tendency  to  deflect  towards 

If 

45 

0-0 

—0-01 

—007 

0-09 

0-84 

Wind  In  gnsts;  45  tona  left  hanging 
on  one  hour. 

>f 

50 

+0-07 

+0-06 

—0-08 

0-10 

0-40 

Wind  much  abated ;  no  visible 
change. 

» 

55 

•  •• 

•  •• 

••• 

0-10 

0-44 

Wind  ao  strong  as  to  prevent  deflec- 
tions being  taken.  Mo  visible 
change. 

f) 

60 

•  •• 

•  •  • 

■•• 

0-10 

0-49 

No  visible  change. 

»» 

624 

•  •• 

•  •• 

•  •• 

0-105 

0-50 

Left  hanging  on  all  night 

Nov.  29 

••• 

•  ■• 

•  mm 

•  •• 

0-11 

0-50 

No  visible  change  this  morning. 

If 

65 

•  •• 

•  •• 

•  •  • 

0-12 

0-58 

The  buckle  at  centre  sbonglj 
marked. 

ff 

70 

+0-15 

+0-14 

+0-08 

012 

0-56 

Wind  much  abated. 

f> 

72i 

••• 

•  •• 

•  •• 

018 

0-60 

»» 

75 

••  • 

•  •• 

•  •• 

0-14 

0-65 

Ko  visible  change  or  upsetting  of 
any  park 

i> 

77i 

••• 

••• 

•  •• 

0-18 

0-69 

»» 

80 

*•* 

•  •• 

•  •  • 

•  •■ 

••• 

Left  hanging  on  all  night 

Nov.  30 

••• 

•.• 

••• 

•  •  • 

0-14 

0-78 

In  morning. 

M 

824 

••■ 

•  •■ 

•  •• 

0-15 

0-795 

■ 

)» 

83^ 

••• 

•  •• 

•  •• 

••■ 

•  *• 

Broke  down  as  the  additional  ton 
was  being  laid  on,  parts  6  and  e. 
Fig.  1,  glvtog  way.  At  «,  both 
sides  of  the  pillar  bent  and  the 
internal  lattice  was  completely 
distorted,  the  L  iron  ^>^^S  broken 
away  trcm  the  side  bar  (see  Fig.  2). 
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The  sectional  area  of  that  part  of  the  pillar  which  was  subject 
to  compression,  namely,  the  side  bars  and  the  angle  irons,  was 
7*5  inches.  The  compression  therefore  equalled  11  tons  per  square 
inch  at  the  period  of  failure.  For  a  very  short  portion  at  c,  where 
the  bracing  ended,  the  angle  irons  of  the  lower  cell  and  that  to 
which  the  internal  lattice  bars  were  connected  were  not  in  one  con- 
tinued piece,  and  the  whole  weight  passed  through  the  unsupported 
side  bars,  which  were,  however,  a  little  thicker  here  than  elsewhere 
from  a  weld  having  been  made  at  that  point,  so  that  the  area  of 
both  side  bars  together  equalled  6  square  inches ;  this  short  length 
was  therefore  subject  to  a  compression  of  nearly  14  tons  per  square 
inch.  If  we  wish  to  compare  the  economy  of  this  form  of  pillar 
with  a  tubular  one,  we  must  add  the  cross  area  of  the  lattice  bars  to 
that  of  the  side  bars  and  angle  irons,  in  order  to  obtain  the  strain  per 
sectional  inch  of  material  in  the  whole  piUar.  The  cross  area  of  the 
lattice  bars  =  2  inches  nearly ;  adding  this  to  the  area  of  the  side 
bars  and  angle  irons,  we  have  the  total  sectional  area  of  the  braced 
pillar  =  9^  inches,  and  the  compression  per  square  inch  of  material 
employed  =  8*7  tons.  This  is  a  favourable  result  when  compared 
with  those  arrived  at  by  Mr.  Hodgkinson  in  his  experiments  on 
tubes  subject  to  compression,  for  if  the  same  amount  of  iron  were 
thrown  into  the  form  of  a  plated  tube,  it  would  have  such  thin  sides 
that  the  ultimate  crushing  inch-strain  would  probably  fall  very  far 
short  of  8*7  tons  (885).  We  may  regard  the  lattice  pillar  as  one 
side  of  a  tube,  in  the  corners  of  which  the  chief  part  of  the  material 
is  collected  and  the  sides  of  which  axe  formed  of  bracing,  connecting 

and  holding  the  comer  pillars  in  the  line  of  thrust. 

586.  Bxperiments  on  the  ettitet  of  slow  and  qnick  trains 
on  deflection. — The  following  experiments  were  made  at  the 
Boyne  Viaduct  to  try  the  effect  of  slow  and  quick  trains  on 
vibration  and  deflection: — 

April  5th,  1855. — The  lateral  oscillation  at  the  centre  of  the 
centre  span  from  an  engine  and  tender  going  at  the  rate  of  from 
30  to  50  miles  an  hour  equalled  0'05  inch  on  each  side,  ue,,  the 
total  oscillation  equalled  0*1  inch.  That  from  a  slow  engine 
was  scarcely  perceptible.  The  deflection  at  the  centre  of  the 
centre  span,  measured  on  the  same  side  as  the  line  on  which 
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the  engine  and  tender  travelled,  both  for  quick  and  slow  speeds 
equalled  '2b'\  The  same  deflection  was  produced  when  the  ei^ne 
was  brought  to  a  stand  at  the  centre  of  the  centre  span.  If  any 
difference  of  deflection  with  different  speeds  ¥ra8  perceptible,  those 
deflections  which  were  produced  by  rapid  travelling  exceeded  the 
others  by  a  very  small  amount,  perhaps  the  width  of  a  fine  pencil 
stroke,  but  for  all  practical  purposes  they  were  identical.  On 
starting  the  engine  from  rest  at  the  centre  of  the  bridge  the 
deflection  was  momentarily  increased  to  a  very  slight  extent.  There 
were  about  flve  quick  trains,  of  which  one  travelled  at  48  and  the 
others  50  miles  an  hour,  and  about  as  many  slow  ones  (454). 

NEWARK  DYKE  BRIDGE,  WARREN'S  OIRDER.* 

589. — This  bridge  carries  the  Great  Northern  Bailway  across 
the  Newark  Dyke,  a  navigable  branch  of  the  river  Trent.  It  is  a 
skew  girder  bridge,  formed  of  a  single  system  of  equilateral  triangles 
on  Warren's  principle.  Each  girder  consists  of  a  hollow  cast-iron 
top  flange,  and  a  bottom  flange,  or  tie,  of  vrrought-iron  flat  bar 
links,  connected  together  by  diagonal  struts  and  ties,  alternately  of 
cast  and  wrought-iron,  which  divide  the  whole  length  into  a  series 
of  equilateral  triangles,  18  feet  6  inches  long  on*  each  side.  There 
are  two  main  girders  to  each  line,  between  which  the  train  travels 
on  a  platform  attached  to  the  lower  flanges.  The  length  from 
centre  to  centre  of  points  of  supports  is  259  feet,  and  the  dear 
span  between  the  abutments  is  240  feet  6  inches.  The  depth 
from  centre  to  centre  of  flanges  is  16  feet,  or  nearly  1-1 6  th  of 
the  length.  The  permanent  weight  of  bridge  for  a  single  line  of 
railway,  consisting  of  two  main  girders,  top  and  bottom  cross- 
bracing,  platform,  &c.,  is  as  follows: — 

Wrought-iron,  .  -  - 

Cast-iron,     -  -  -  - 


Tons. 
106 

CwtB. 

5 

'     138 

5 

244 

10 

56 

0 

Platform,  rails,  handrail  and  cornice, 

Total  peniiaiiant  weight  for  one  line  of  way,  800      lO 

*  *' Description  of  the  Newark  Dyke  Bridge."— Proc  Inak  CB.^  Vol  xu. 
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With  a  load  of  one  ton  per  running  foot  the  central  deflection 
amounted  to  2|  inches.  The  strain  with  this  load,  whether  tensile 
or  compressive,  is  said  not  to  exceed  5  tons  per  square  inch  on  any 
part. 

CHEPSTOW  BBIDGE,  GIGAKTIC  TBUS8.* 

538. — This  bridge  was  erected  by  Mr.  Brunei  to  carry  the 
South  Wales  Bailway  across  the  river  Wye  near  Chepstow.  It 
consists  of  two  gigantic  trusses,  one  for  each  line  of  way,  305 
feet  long  and  about  50  feet  deep,  and  resembling  Fig.  64,  p.  124, 
with  this  exception,  that  the  roadway  is  attached  to  the  lower 
flange.  The  compression  flange  of  each  truss  is  a  round  plate- 
iron  tube,  9  feet  in  diameter  and  f  th  inch  thick,  with  stifiening 
diaphragms  at  intervals,  and  supported  by  cast-iron  arched  standards, 
or  end  pillars,  which  rest  on  the  piers.  The  side  girders  are  plate 
girders  which  are  divided  by  the  truss  'into  three  spans.  The 
weight  of  iron  in  one  bridge  for  a  single  line  of  railway  is  as 
follows : — 

Tons. 

298  feet  run  of  tube  and  butt  plates,        -           -  127^ 

Hoops  of  ditto  over  piers,             -            -            "  7| 
Side  and  bottom  plates  for  attachment  of  main 

chdns,          -            -            -            -            -  15 

Side  plates  for  attachment  of  counterbracing  chains,  2^ 

Stiffening  diaphragms,  26  feet  apart,        -            -  4^ 

Rivet  heads,  &c.,              -            -            -            -  4| 


Total  weight  of  one  tube  (top  flange),  -  161^ 

Main  chains,  eyes,  pins,  &c.,        ...  105 

Counterbracing  chains,  eyes,  pins,  &c.,     -  -  23 

Vertical  trusses,  -----  18^ 


Total  weight  of  side-bracing,  -  -    146^ 

*  Encye.  Brit.,  Art  "  Iron  Bridges,*'  and  Chuk  <m  the  Tubular  Bridffei,  p.  101. 
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Tons. 

Side  girders,  crosfr-girdem,  <&c.,      ...    130 
Saddles,  collars,  &c.,  at  points  of  suspension,  -      22 


152 


Total  welgbt  of  iron  for  one  line  of  railway,      -  4M> 

CRUMLIN  VIADUCT,  WARBEN's  GIRDER  * 

589. — The  Crumlin  Viaduct  is  situated  on  the  Newport  section 
of  the  West-Midland  Bailway  about  five  miles  from  Pontypool. 
The  structure  is  divided  by  a  short  embankment  into  two  distinct 
viaducts  of  exactly  similar  construction.  The  larger  viaduct  has 
seven,  the  smaller  three  openings  of  150  feet  from  centre  to  centre 
of  piers.  The  girders  are  "  Warren's  Patent"  of  148  feet  clear 
span,  but  not  connected  together  as  in  continuous  girders.  The 
compression  flange  is  a  rectangular  plate-iron  box  or  tube,  and  the 
tension  flange  is  formed  of  flat  wrought-iron  bars ;  both  flanges 
increase  in  sectional  area  from  the  ends  towards  the  centre.  The 
diagonals  form  a  series  of  equilateral  triangles  of  angle  and  bar  iron, 
the  section  of  those  in  compression  being  in  the  form  of  a  cross. 
The  length  of  each  side  of  the  triangle  is  16  feet  4  inches.  The 
maximum  tensile  strain  in  the  diagonals  from  the  permanent  load 
plus  a  train-load  of  one  ton  per  running  foot  was  6*65  tons  per 
square  inch  of  net  section  when  the  bridge  was  first  made,  the 
maximum  tensile  strain  in  the  lower  flange  from  the  same  load 
was  5 '75  tons  per  square  inch  of  net  section,  and  in  no  part  did 
the  maximum  compression  strain  from  the  same  load  exceed  4*31 
tons  per  square  inch  of  gross  section.  The  viaduct  has  four  girders, 
two  to  each  line  of  railway  with  the  road  above  the  girders.  The 
weights  for  a  single  line,  150  feet  long,  were  as  follows  when  the 
bridge  was  first  made,  but  a  very  large  amount  of  additional 
material  appears  to  have  been  added  subsequently  for  the  purpose 
ofstrengthenmgit.t 

*  Tram.  Intt,  O.  E,  of  Ireland,  Vol  vii,  p.  97 ;  and  Hnmber  on  Bridget^  Irt  ed. 
t  Bnffineer,  1866,  VoL  zxii,  p.  884. 
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CwU. 

37 

18 

3 

3 

18 

1 

15 

3 

9 

0 
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A  piur  of  main  girders, 

Cross-bracing  of  do.,   - 

Platform,        .  .  .  - 

Permanent  way,         -  -  - 

Hand-raiUng, 

Total  permanent  weight  for  one  line  of  way,    83        6 

The  tension  flange  of  one  girder  weighs  5*97  tons,  of  which 
1'5  ton,  or  one-fourth,  was  required  to  make  the  connexions  of  the 
flange. 

PUBLIC   BRIDGE   OVER  THE  BOYNE,  LATTICE   GIRDER.* 

540. — This  bridge  crosses  the  riyer  Boyne  at  the  Obelisk  near 
Drogheda.  The  main  girders  are  double-webbed  lattice  girders, 
128  feet  long,  and  10  feet  8  inches  deep,  or  l-12th  of  the  length. 
The  clear  span  between  the  abutments  is  120  feet,  and  the  clear 
vridth  of  the  roadway,  between  the  inside  planes  of  the  lattice  bars, 
is  16  feet  8  inches.  Sufficient  strength  is  provided  in  the  main 
girders  to  sustain  a  total  load  of  3  cwt.  per  super  foot  of  roadway 
when  the  iron  in  tension  is  stndned  up  to  5  tons  per  square  inch  of 
net  section,  and  that  in  compression  up  to  4  tons  per  square  inch  of 
gross  section.  The  cross-girders  are  shallow  plate  girders  about  3^ 
feet  apart  and  capable  of  supporting  a  load  of  5  cwt.  per  super  foot, 
the  additional  strength  being  given  to  meet  the  contingency  of  a 
very  heavy  load  resting  on  each  girder  in  succession  with  the  same 
working  strains  as  above.  The  roadway  is  supported  on  buckled 
plates  resting  on  the  cross-girders;  these  plates  weigh  67^  ibs.  per 
square  yard  and  have  a  versine  of  2^  inches,  four  plates  being  laid 
in  the  width  of  the  bridge.  A  layer  of  wooden  chips,  sand  and 
coal  tar  was  first  laid  so  as  to  cover  a  little  over  the  level  of  the 
crown  of  the  buckled  plates  and  upon  this  was  laid  asphalt  8  inches 
deep,  consisting  of  broken  stones,  sand  and  coal  tar. 

The  following  table  gives  the  actual  weight,  the  theoretic  weight, 

♦  Trans,  Inst.  C.E,  of  Ireland,  Vol  ix.,  p.  67. 
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and  the  percentage  of  material  practically  required  over  the 
theoretic  weight,  t.«.,  the  loss  of  iron  due  to  rivet  holes,  cover 
plates,  stiffeners  and  waste. 


TABLE  XL— SuiocABT  or  Matirials  ur  ths  Botse  Obkluk  Bamoi, 

120  mr  8PAV. 


Top  flange,  in  compresnon. 
Bottom  do.,  in  tension, 
End  pillars,  in  compression, 
Latticing,  in  oampresnon. 
Do.      intension. 

Total  for  Main  girders, 

Hand-rail  bars,         .... 

86  croBS-girdns,        .... 

70  cast-iron  chairs,  under  ends  of  last, 

Buckled  plates  and  side  plates  for 
retaining  asphalt  in  place. 

Asphalt, 

Total  walgbt  of  1irldg6b 

Actual 
weight. 

Theoretic 
weight. 

Percentage  lOBt 

382    cwt 
882       „ 

41       „ 
152       „ 
lU      „ 

802    cwt. 

* 

242      „ 
12       „ 
75      „ 
71       „ 

26    per  cent. 

58 
242 
114 

60 

1,071    cwt 

26      „ 

815      „ 

44      „ 

210      „ 
754      „ 

702    cwt 

52i  per  cent 

2,420  OWt.  = 

=  121  tons. 

The  weight  of  the  main  girders  is  8*5  cwt.  per  foot  run  and  that 
of  the  roadway  10*8  cwt.,  forming  a  total  of  193  cwt.  per  foot  run. 
The  weight  per  square  foot  of  roadway  surface  is  '52  cwt.  for  the 
main  girders,  and  '65  cwt.  for  the  roadway,  the  total  being  1'17  cwt. 
per  square  foot.  This  leaves  a  balance  of  3  — 1'17,  =  1*83  cwt. 
per  square  foot,  for  the  greatest  load,  say  dense  crowds,  which  in 
a  country  bridge  can  scarcely  exceed  100  ibs.  per  square  foot  (40S). 
There  is,  therefore,  a  considerable  mar^  for  deterioration  of  the 
iron,  which  is  a  wbe  precaution  in  a  country  bridge  that  is  not 
likely  to  be  painted  frequently. 
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B0W8TBIKG  BBIDGE  ON  THE  CALEDONIAN  BAILWAY.* 

541. — This  bridge  was  erected  by  Mr.  E.  Clark  to  carry  the 
Caledonian  Railway  over  the  Monkland  Canal.  The  arch  is  partly 
wrought-iron  and  partly  cast-iron,  and  the  tie  or  lower  flange 
consists  of  wrought-iron  plates.  The  total  length  of  the  girders  is 
148  feet,  and  the  depth  is  15  feet  or  about  1-lOth  of  the  length. 
The  whole  weight  of  the  girders  for  a  double  line  is  128  tons. 

CHARINO-CBOSS  LATTICE  BBIDGE.  f 

549. — This  bridge  was  erected  by  Mr.  Hawkshaw  to  carry  the 
Charing-Cross  Railway  across  the  Thames  on  the  site  of  the 
Hungerford  Suspension  Bridge,  the  chains  of  which  were  removed 
to  Clifton.  It  comprises  nine  independent  spans,  six  of  154  feet 
and  three  of  100  feet.  The  leading  particulars  of  one  of  the  154 
feet  spans  are  as  follows.  The  main  girders  are  wrought-iron 
lattice  tubular  girders,  the  web  consisting  of  two  systems  of  nearly 
right-angled  triangles.  The  tension  diagonals  are  Howard's  patent 
rolled  suspension  links,  and  the  compression  diagonals  are  foiled 
bars,  varying  in  thickness  from  2^  to  3  inches,  and  united  in 
pairs  by  ^gzag  internal  cross-bracing.  The  flanges  are  formed  of 
horizontal  plates  in  piles,  vrith  four  vertical  ribs  attached  by  angle 
irons  to  the  horizontal  plates,  the  two  outer  ribs  being  2  feet  deep 
and  the  two  inner  ones  21  inches  deep.  The  flanges  therefore 
resemble  the  usual  trough  section,  but  with  4,  in  place  of  2  ver- 
tical ribs  (4S8).  The  diagonals  have  enlarged  ends  with  eyes, 
and  are  attached  to  the  vertical  ribs  by  turned  pins  of  puddled 
steel.  In  addition  to  the  diagonals  already  mentioned,  there  are 
vertical  bars  1  inch  thick  connecting  each  pin  in  the  upper  flange 
with  that  in  the  flange  directly  beneath ;  these  vertical  bars  form 
diagonals  to  the  squares  made  by  the  diagonal  bracing  and  are 
superfluous  (101).  The  extreme  length  of  the  main  girders  is  164 
feet,  their  extreme  depth  is  14  feet,  and  the  depth  from  centre  to 
centre  of  pins  is  10  feet  9  inches,  but  the  distance  between  the 

*  Encffdopcedia  BrUcmmcti,  Art. ''  Iron  Bridges,"  p.  605. 

t  Proc,  ImL  C,  E^  Vol  xxii ;  and  Trant,  She.  Eng,  for  1864. 
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centres  of  grayity  of  the  flanges  is  12  feet  9  inches,  or  nearly 
l-12th  of  the  clear  span,  and  this  seems  to  have  been  assumed  to 
be  the  correct  depth  for  calculating  the  working  strains,  which 
with  1^  ton  per  foot  on  each  line,  are  stated  to  be  5  tons  tension 
per  square  inch  of  net  section,  and  4  tons  compression  per  square 
inch  of  gross  section.  The  cross-girders  are  attached  to  the  under 
sides  of  the  lower  flanges,  and  project  bejond  them  with  cantilever 
ends  which  support  footpaths  7  feet  wide.  These  cross-orders  are 
11  feet  apart  and  correspond  with  the  apices  of  the  diagonals  in  the 
lower  flanges.  There  are  four  lines  of  railway  and  the  width  in  the 
clear  between  the  main  girders  is  46  feet  4  inches.  The  weight  of 
iron  in  one  main  girder,  including  the  end  pillars,  is  as  follows : — 

Tons.      CwtB.     Qn. 

Top  flange, 

Bottom  do., 

Web,         -  -  . 

End  pillars, 

Weight  of  Iron  in  one  main  girder,  190        O        O 

Taking  the  rolling  load  at  1^  tons  per  foot  of  single  line,  the 
maximum  distributed  load  on  each  main  girder  is  nearly  as 
follows : —  • 

Tods. 

Boiling  load  on  two  lines  =  156  X  2^  tons,         -  -  390 

One  main  girder,  deducting  end  pillars,  -  -  184 

One  half  the  cross-girders  and  cantilevers,         -  -      67 

Bails  for  two  lines,        -  -  -  ;  -        7 

Timber  in  the  half  platform  and  longitudinals  under  rails,     41 
Load  of  people  on  one  footpath  at  100  lbs.  per  square  foot,      48^ 


70 

4 

2 

67 

15 

2 

46 

0 

0 

6 

0 

0 

Total  distributed  load  on  one  girder,  -  -     737^ 

The  foregoing  load  is  exclusive  of  cornice,  hand-rail,  fish-plates^ 
bolts,  spikes,  chairs  for  rails,  hoop-iron  tongue  and  bolts  for  planking 
and  ballast. 

CONWAY  PLATE  TUBULAR  BRIDGE.* 

548. — The  Conway  bridge  was  erected  by  Mr.  Robert  Stephenson 

*  Clark  on  the  TuhtUar  Bridga, 
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to  carry  the  Chester  and  Helyhead  Railway  over  the  river  Conway, 
in  North  Wales.  It  consists  of  two  wrought-iron  plate  tubular 
bridges  placed  side  by  side,  vrith  one  line  of  railway  in  each  tube. 
The  entire  length  of  each  tube  is  424  feet,  the  clear  span  is 
400  feet,  and  the  effective  length  for  calculation  412  feet.  The 
external  depth  at  the  centre  is  25  feet  6  inches,  or  nearly  l-16th  of 
the  length,  thence  it  diminishes  gradually  towards  the  ends  where 
it  is  22  feet  6  inches.  The  external  width  is  14  feet  9  inches;  the 
dear  width  inside  is  about  12  feet  6  inches.  The  tubes  are  placed 
9  feet  apart  and  are  not  connected  in  any  way. 

TABLE  Xn.— Tabulab  Stathovt  of  wbouoht-iboh  wobk  or  the  Covwat 

BbIDOB— OVX  TUBI,  BIHOLS  LDfl,  LINOTH    424   FXIT. 


Plates,  - 

Angle  and  T-iron, 
Covers,  - 
Bivet  heads, 

Total, 


Upper  Flange. 

Sidei. 

Lower  FUmga 

tons. 

tons. 

tons. 

tons. 

2S9 

201 

242 

682 

115 

146 

59 

820 

15 

22 

77 

114 

28 

24 

17 

64 

892 

898 

895 

1180 

Plates,  58  per  cent. ;  angle  and  T-iron,  27  per  cent. ;  covers,  10  per  cent. ;  rivet- 
heads,  5  per  cent. ;  total,  100. 


The  following  is  an  analysis  of  the  wrought-iron  in  one  tube 
412  feet  long,  t.«.,  6  feet  longer  at  each  end  than  the  dear  span. 
This  was  the  length  of  the  tube  when  floated  into  its  place  between 
the  abutments ;  6  feet  were  afterwards  added  to  each  end. 


TOP  FLANGE. 


Plates  and  angle-iron  in  compression, 
Plates  and  angle-iron  acting  as  covers, 
TransTcrse  keelsons, 
Bivet-heads,       ... 


Tons.  Cwts. 

336  0 

17  8 

7  0 

22  7 


Percent 

87-5 
4-5 
20 
60 


382  15 


100-0 


590                        OONWAY  PLATE  TUBULAB  BBIDOE.  [aPP. 

SIDES. 

Toub.  Cwt8.  Per  cent. 

Plates  acting  as  Bides,  -  -  -  163  0  430 
Covers  and  proportion  of  T-iron  acting  as 

covers,  -  -  -  -  90  10  240 
Gussets,  stiffeners,  and  projecting  rib  of 

T-iron  engaged  in  stiffening  the  sides,    101  16  27*0 

llivet-heads,       -            -           -            -      23  15  60 


379     1 

1000 

LOWER  FLANGE. 

Tons.  OwtB. 

Per  eent 

Plates  and  angle-iron  in  tension, 

279    9 

72-5 

Plates  and  angle-iron  acting  as  covers,    - 

76    6 

200 

Transverse  keelsons,       -            -            . 

14    0 

3-5 

Kivet-heads,        .            -            -            . 

15  17 

40 

385  12  1000 

This  makes  the  total  welgbt  of  wrousht-lron  in  412  feet  of 
one  tube  =  1147MI  tons,  or  2*78  tons  per  running  foot  for  each 
line.  The  weight  of  wrought-iron  in  each  tube,  400  feet  long  in 
the  clear,  is  1112  tons. 

Summary  of  cast-iron  work  in  the  Conway  Bridge  for  both 
lines : — 

Tons. 

Castings  fixed  in  the  ends  of  tubes,     -  -    201 

Bed-plates,  rollers,  &c.,  ...    108 

Castings  fixed  in  the  masonry,  -  -    325 


Total  weight  of  castings  for  both  tubes,    634 

The  working  inch-strains,  as  already  given  in  Table  VII.  (481), 
are  6*32  tons  tension  and  4*924  tons  compression  with  a  train-load 
of  I  ton  per  foot  uniformly  distributed. 

The  mean  deflection  of  the  two  tubes,  immediately  after  the 
removal  of  the  platform  on  which  they  were  built,  was  8*04  inches 
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which  became  8*98  inches  after  they  took  a  permanent  set  due  to 
the  strain  (410).  The  deflection,  from  additional  weight  placed  at 
the  centre,  is  '01104  inch  per  ton.  The  difference  of  deflection  due 
to  change  of  temperature,  between  noon  and  midnight  on  the  5th 
of  Julj,  1848,  was  1*56  inches  (419). 

BBOTHEBTON  PLATE  TUBULAB  BBIDGE.* 

544. — The  Brotherton  bridge,  on  the  York  and  North  Midland 
Kailway  is  a  tubular  plate  bridge  with  one  line  of  railway  in  each 
tube.  The  span  is  225  feet,  the  depth  20  feet  or  1-1 1th  of  the 
span  nearly,  and  the  width  of  each  tube  between  the  side  plates 
is  11  feet. 

The  weight  of  one  tube  is  as  follows : — 

Wrought-iron  between  the  bearings, 

Wrought-iron  on  the  bearings,  - 

Cast-iron  on  the  bearings. 

Cast-iron  in  rollers  and  plates,    - 

Total  weight  of  Iron  for  one  line  of  railway,    235  tons. 

The  top  flange  is  composed  of  a  single  plate  in  thickness,  and 
no  cells  whatever  have  been  used  either  in  top  or  bottom. 

545.  SIse  and  weiyhto  of  Tarions  materials. — The  following 
tables  refer  chiefly  to  the  size  and  weights  of  various  materials,  and 
will  be  found  useful  for  reference. 

•  Encyel  Brit.,  Art  "Lron  Bridges,**  p.  609. 
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TABLE  XIIL— Yixuis  of  Gages  fob  Wibb  and  Sheet  Metals  nr  gbexraii 

USE,  IXPSEBSED  IN  DEdMAL  PABTB  OF  THE  INOH.* 


BlTOlnghAin  Wire 

Gage  for  Wire, 

and  for  Sheet  Iron 

and  Sheet  SteeL 

Birmingham 

Metal  Gage  for 

Sheet  Metals,  Bnus, 

Gold,  Silver,  Zinc, 

Ac 

Lancaahlre  Gage  for  roond  Steel  Wire»  and  alio  for 

Pinion  Wlrei 

The  smaller  sixes  are  distlngnished  br  nnmbers. 

The  larger  by  letters,  and  called  the  Letter  Gagei 

Mark.    Siza 

Mark.   Size. 

Mark.   Size. 

Mark.   Size. 

Mark.    Size. 

0000  —  -454 

1       -004 

80  —  -018 

40  —  -096 

A— -234 

000      -426 

2      -005 

79  —  -014 

89  —  -098 

B— -238 

00      -880 

8      -008 

78  —  -016 

88  —  -100 

C      -242 

0      *340 

4      -010 

77-^-016 

87  —  -102 

D  — -246 

1      -800 

• 

5  —  -012 

76  -  -018 

86  —  -105 

E  —  -260 

2  —  -284 

6  —  -018 

75  —  -019 

86-^-107 

F  — -257 

8      -269 

7      -015 

74  —  -022 

34  —  -109 

G  —  -261 

4  —  -288 

8      -016 

78  —  -028 

83  —  -111 

H— -266 

6  —  -220 

• 

9      '019 

72      -024 

82  —  -116 

I  — -272 

6  — -208 

10  —  -024 

71  —  -026 

31  —  -118 

J  —  -277 

7      -180 

11  —  -029 

70      -027 

30  —  -125 

K  — -281 

8      -165 

12  —  -084 

69  —  -029 

29— -184 

L  — -290 

9  — -148 

18       086 

68      *080 

28  —  -138 

M  —  -295 

10  — -184 

14— -041 

67  —  -081 

27  — -141 

N      -302 

11      -120 

16  —  -047 

66  —  -082 

26—148 

0  —  -816 

12      -109 

16       051 

.  66  —  -088 

25  — -146 

P  —  -323 

18      '095 

17      -057 

64  —  -084 

24  —  -148 

Q  —  -382 

14  — -088 

18  —  -061 

63  —  -085 

28  —  -150 

B— -839 

15      -072 

19  _  -064 

62  —  -086 

22  — -152 

S  —  -848 

16  —  -065 

20  —  -067 

61  —  -038 

21  —  -157 

T  — -868 

17  -_  -058 

21  —  -072 

60  —  -039 

20— -160 

U  — -368 

18  —  -049 

22  —  -074 

59  —  -040 

19  —  -164 

V  —  -877 

19      -042 

28  —  -077 

58  —  -041 

18  —  -167 

W  — -886 

*  From  Holtzapffel's  Mechanical  Manipulation. 
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TABLE  XIII.— Valttik  of  Gauobs  ]<ob  Wibi  and  Shsbt  Mbtals  in  osnxbal 

USB,  BXPBB8SBD  IN  DlCdMAL  PABTS  OF  THB  ISQR— continued. 


Blmiingham  Wire 

GBUge  for  Iron  Wire, 

uid  for  Sheet  Iron 

and  Sheet  Steel 

Blnnlngham  Metal 
Oange  for  Rheet 

Metals,  Brass,  Gold, 
surer,  Zinc,  <fcc. 

Lancashire  Gauge  for  round  Steel  Wire,  and  also  for 

Pinion  Wire. 

The  smaller  sizes  are  distinguished  by  nnmbersL 

The  larger  by  letters,  and  called  the  Letter  Gauge. 

Mark.    Size. 

Mark.  Size. 

Mark.    Size. 

Mark.    Size. 

Mark.   Size. 

20  — -035    ' 

24  —  -082 

67      -042 

17  ~  -169 

X  —  -397 

21  —  -032 

26  -  -095 

• 

66       044 

16— -174 

Y  —  -404 

22  —  -028 

26  —  -103 

65  —  -050 

16  — -175 

Z  — -413 

23  —  -026 

27  —  -118 

64  ^  •056 

14— -177 

A  1  —  -420 

24  —  -022 

28  -  -120 

68— -068 

18  —  -180 

Bl— -431 

25  — -020     ! 

29-  -124 

62  —  -060 

12  -  -186 

C  1  —  -443 

26  —  018 

80       -126 

61       -064 

11  —  -189 

D  1  —  -452 

27  — -016 

81  —  133 

60  —  -067 

10  —  -190 

E  1       -462 

28  —  -014 

• 

82  — -143 

49  —  -070 

9      -191 

F 1      -475 

29  -  -018 

38—  146 

*  48  — -073 

8  —  -192 

G  1  —  -484 

80  —  -012 

84  — -148 

;       47  —  -076 

7      -195 

H  1  —  -494 

81  —  -010 

86  —  -168 

46  —  -078 

6      -198 

S2  —  -009 

86      -167 

46  —  -080 

6  —  -201 

88  —  -008 

44  —  -084 

4  —  -204 

34  _-  -007 

1 

48  —  -086 

8  —  -209 

85  —  O06 

42  —  -091 

2  —  -219 

86      -004 

41  —  -095 

1       -227 

Coliuxm  1  refers  to  the  gauge  oommonly  called  the  Birmingham  Wire  Gauge,  which  is 
employed  for  iron,  brass  and  other  wires,  for  black  steel  wire,  for  sheet  iron,  sheet 
steel  and  yarions  other  materials. 

The  gauge  referred  to  in  the  second  column  is  called  the  Birmingham  Metal  Gauge 
or  the  Plate  Gauge,  and  is  employed  for  most  of  the  sheet  metals,  excepting  iron  and 
steel. 
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TABLE  XIV.— WsioHT  of  a  bupxbfiolax  Foot  of  tabious  Metals  iv  lbs. 


THICKNESS  BT  THE  BIRMINGHAM  WIRE  GAUGE. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

16 

Wrought-) 
Iron,     3 

12-50 

12-00 

11-00 

10-00 

8-74 

8-12 

7-60 

6-86 

6-24 

1 
5-62  5-00 

1 

4-88  8-75  8-12.2-82 

1               1 

Copper,  - 

14-60 

18-90 

12-75 

11-60 

10-10 

9-40 

8-70 

7-90 

7-20 

6-60  5-80 

5-08 

4-34 

8^60 

3-27 

BrasB,     - 

13-76 

18-10 

12-10 

11-00 

9-61 

8-98 

8-26 

7-64 

6-86 

6-18  6-50 

4-81 

412'3-48 

810 

Wrought-) 
Iron,    j 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

SO 

2-60 

2-18 

1-86 

1-70 

1-64 

1-40 

1-25 

1-12 

1-00 

•90 

-80 

•72 

•64 

•56 

•60 

Copper,  - 

2-90 

262 

215 

1-97 

1-78 

1-62 

1-45 

1-80 

116 

1-04 

•92 

•88 

•74 

•64 

•68 

Brass, 

2-75 

2-40 

2-04 

1-87 

1-69 

1-54 

1-87 

1-28 

1-10 

•99 

•88 

•79 

•70 

•61 

-55 

THICKNESS  IN  PARTS  OF  AN  INCR 


TT 

I 

A 

i 

A 

i 

iw 

i 

i 

i 

i 

1 

Wrought-) 
Iron,     ) 

2-5 

5-0 

7-5 

10-0 

12-5 

15- 

17-5 

20^ 

25^ 

30- 

Z5' 

40- 

Copper,  - 

2-9 

5-8 

8-7 

11^6 

14-5 

17-2 

20-0 

23^2 

28-9 

34^3 

40-4 

46-2 

Brass,     - 

2-7 

5-5 

8-2 

11-0 

18-7 

16-4 

190 

21^8 

27-4 

32^6 

87-9 

43-8 

Lead,     • 

3-7 

7^4 

111 

14-8 

18-5 

22-2 

26-9 

29-6 

87  0 

44-4^ 

61-8 

69-2 

Zinc, 

2^8 

4-7 

7-0 

9-4 

11-7 

14^0 

16-4 

18^7 

23^4 

28-1 

82-8 

87-6 

It  is  useful  to  recollect  that  a  square  foot  of  plate-iron,  }  ir^*i  thick,  weighs  10  Ibe. 
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TABLE  XV.— WsiOHT  of  a  Linial  Foot  of  Round  avd  Sqtjabb  Bab  Isov  in 

LBS. — (Moleeworth). 


Breadth 

or  diam. 

In  inches. 

Square 
Bart. 

Round 
Bars. 

Breadth 

or  diam. 

in  Inches. 

Square 
Bars. 

Round 
Bars. 

Breadth 

or  diam. 

in  inches. 

Square 
Ban. 

Round 
Bars. 

i 

•209 

-164 

u 

5-25 

4-09 

3 

30-07 

23*60 

A 

•826 

•256 

1! 

6-35 

4-96 

8J 

35-28 

27-70 

i 

•470 

•369 

14 

7^51 

5-90 

84 

40-91 

32-13 

A 

•640 

•602 

14 

8-82 

6-92 

8i 

46-97 

86-89 

i 

•885 

•656 

n 

10-29 

8-03 

4 

53^44 

41-97 

A 

1-057 

•831 

If 

11-74 

9-22  1 

1 

H 

60^82 

47^38 

i 

1-305 

1^025 

2 

13-36 

10-49 

H 

67^63 

5812 

U 

1-679 

1-241 

2* 

15-08 

11-84 

H 

75^36 

59*18 

i 

1-879 

1-476 

n 

16-91 

13-27 

5 

83-51 

65-58 

« 

2^205 

1-732 

^ 

18-84 

14-79 

H 

92^46 

72-30 

i 

2-556 

2011 

n 

20-87 

16-39 

51 

101-03 

79-85 

« 

2-936 

2-306 

2i 

23-11 

18-07 

5i 

110^43 

86-73 

1 

3-34 

2-62 

2} 

25-26 

19-84 

6 

120-24 

94-43 

H 

4-22 

3-82 

21 

27-61 

21-68 

To  convert  into  weight  of  other  metals,  multiply  tabular  No.  for  cast-iron  by  -93,  for 
steel  X  1*02,  for  copper  X  1*15,  for  brass  X  1*09,  for  lead  X  1*47,  for  zinc  X  '92. 
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TABLE  XVI. — SPKcmc  Gbavitt  and  Weight  of  a  cubic  foot  of  diffebbkt 

Woods,* 


Weight 

Weight 

Kind  of  Wood,  and  atafce. 

Speciflc 
gravity. 

of  a 
cubic 
toot  in 
pounds., 

Kind  of  Wood,  and  stota 

1 

Speciflc 
grax-ity. 

of  a 

cubic 

foot  in 

pounds. 

« 

Abele,  diy, 

•Oil  T. 

32-00 

Chestnut  (hone),  dry,  - 

•596  T. 

87-28 

Acacia  (faLse),  green,   - 

•820  E. 

51-25 

Do.          do.,    another 

•483  T. 

30-18 

Do.,     dry, 

•791  H. 

49^43 

specimen,  dry. 

Do.,     dry. 

•748  T. 

46^75 

Cocoa  wood,     - 

1-040  M. 

65-00 

Do.,  (three-tbomed),  - 

•676  H. 

42-25 

Cork,  - 

•240  M. 

15-00 

Alder,  -            -            - 

•800  M. 

50^00 

Cowrie, 

-679 

86-20 

Do.,  dry, 

•5.')5  E 

34^68 

Crab  tree,  meanly  dry. 

•766  P. 

47-81 

Almond  tree,  - 

1102  H. 

68-87 

Cypress, 

•666  H. 

40-93 

Apple  tree. 

•793  M. 

49-66 

Do.        (Spanish), 

•644  M. 

40-25 

Apricot  tree,    - 

•789  H. 

49-81 

Deal,  white.     See  fir. 

Arbor  vita  (Cbinese),  - 

•660  H. 

36-00 

Do.,  yellow.     See  pine. 

Aflb  (beart  wood),  dry, 

•846  P. 

62-81 

Ebony  (American), 

_ 

1-831  M. 

88-18 

Do.,  dry. 

•832  W. 

52-00 

Do.     (Indian), 

1^209  M.  76^56  ' 

Do.,  young  wood,  dry, 

•811  T. 

60-68 

Do.    - 

1-108  R. 

69-25 

Do.     - 

•800  J. 

50-00 

Elder  tree, 

•696  M. 

48-43 

Do.    - 

•760  B. 

47-50 

Elm,  green. 

•940  C.    58-75 

Do.  (old  tree),  dry,    - 

•753  T. 

4706 

.     Do.     - 

•693  S. 

4441 

Do.,  diy. 

•690  E. 

48-12 

Do.,  seasoned. 

•688  C. 

3675 

Bay  tree, 

•822  M. 

61-37 

Do.     - 

•658  B. 

8456 

Beech  (meanly  dry),    - 

•854  P. 

63-37 

Do.  (common),  dry,    - 

•644  £. 

84-00 

Do.     - 

•8.52  M. 

5825 

Do.,  wych,  young  tree, 

•763  E. 

47-68 

Do.     - 

•720  H. 

45-00 

green. 

Do.     - 

•696  B. 

43-50 

Do.        do.,     dry, 

•684  T. 

42-75 

Do.,  dry, 

•690  E. 

48-12 

Filbert  tree,     - 

•600  M. 

87-50 

Bircb,  dry. 

•720  E. 

45-00 

Fir  (Norway  spruce),  - 

•612  T. 

3200 

Box  (Dutcb),    - 

1-328  M. 

83-00 

Do.  (white  American 

•465  T. 

2906 

Do.,  dry. 

1-O.SO  J. 

04-37 

spruce), 

Do.     - 

1-031  P. 

64-43 

Do.  (silver  green), 

•631  Wi. 

8320 

T^                         ffrom 

1-024  B. 

64-00 

Do.,  dry, 

•408  Wi. 

25^22 

•960  B. 

60-00 

Do.     (Scotch).       See 

Do.,  dry. 

•950  W. 

59-37 

pine. 

Do.,  Turkey,  - 

•949  R. 

69-31 

Fustic, 

•817  R 

51-06 

Brazil  wood  (red). 

1-031  M. 

64*43 

Hazel, 

•606  M. ,  37-87 

Canary  wood,  - 

-723  R. 

45-18 

Hickery, 

-929  S.     5806 

Cedar  (Indian), 

1-315  M 

82-18 

Hornbeam, 

•760  H.    47-60 

Do.  (Canadian), 

-753  C. 

47-06 

Jasamine  (Spanish),     - 

•770  M.   48^12 

Do.  (Vii^nian  red),dry. 

•650  T. 

40^62 

Juniper  wood,  - 

•566         8475 

Do.  (Palestine), 

•596  M.   37-25 

Laburnum, 

•843  T.  .  52^70 

Do.  (American), 

•560  M. 

35-00  ' 

Lance  wood,     - 

1^088  L.    64^87 

Do.        do.,  seasoned. 

-463  C. 

28-31  ' 

Do.       do.,  dry. 

-943  R.    58-93 

Cedar  of  Libanus, 

•603  H.  '  37-68  ! 

Larch,  green,  - 

•858Wi.,53-63 

Do.            do.,    dry,  - 

•486  T. 

30-37 

Do.  (redwood),sea8oned 

■640  T.  '  40-00 

Cberry  tree,     - 

•741  H. 

46-31 

Do.,  dry. 

•612  Wi..  38-31 

Do.      do.,  dry. 

•672  T. 

42-00 

Do.,  dry, 

•496  T. 

31-00 

Cbestnut  (sweet),  green. 

•875  E. 

54-68 

Do.      (white     wood). 

•864  T. 

22-75 

Do.    - 

•685  H. 

42-81 

seasoned, 

Do.          do.,      dry,  - 

-606  T. 

87-96 

Lemon  tree,     - 

•703 

48-93 

Do.,  another  specimen. 

•635  T. 

33-45 

Letter  wood,    - 

1^286  C. 

80-37 

dry. 

Lignimi  vit»,  - 

1-883  M. 

83  81 

Do.  (horse),    • 

•657  H. 

41  ^06 

Do. 

1-827  P. 

82-98 

Tredgold's  Carpenti'y,  p.  298. 
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TABLE  XVI. — Spsoifio  Gsavitt  and  Wkioht  of  a  cubic  foot  of  diffkbxmt 

Woods — continued. 


Kind  of  Wood,  and  state. 


Specific 
gravity. 


Lime  tree, 

Do. 

Do. 

Logwood,         -  -  I 

Mahogany  (Spanish),  dry 

Do.  dry, 

Do.  (Honduras),  dry,  - 
Maple  (Norway), 

Do.     dry, 

Do.  (common),  dry,    • 
Medlar  tree,    - 
Mulberry  tree  (Spanish), 
Oak  (live),  half  seasoned, 

Do.  (English  green),  - 

Do.  (French  green),  - 

Do.  (Irish  bog), 

Do.  (evergreen). 

Do.  (Adruitic), 

Do.  (black  bog),  dry,  - 

Do.  (white  American), 
half  seasoned. 

Do.    {Quereus  sesaUi- 
flora). 

Do.  (American  white), 

Do.    ( Provence),   sea- 
soned. 

Do.   {Qtiercut  robur), 
dry. 

Do.  (English),  seasoned. 

Do.  (Dantzic), seasoned. 

Do.  (American),  red,  - 

Do.  (Riga),  dry. 

Do.  (English),  from  an 

old  tree,  dry, 
Olive  tree. 
Orange  tree,    - 
Pear  tree,  dry. 

Do. 
Pine  (American  pitch), 
dry. 

Do.     (do.),    seasoned. 

Do.  (pinaster),  green, 

Do.  (Scotch),  green,  - 

Do.  (Mar  Forest), 


•604  M. 

•564  H. 

•480  T. 

•913  P. 

•852  T. 

•816  W. 

•660  T. 

•795  L. 

•756  P. 

•624  T. 

•944  M. 

•897  M. 
1-216  Ch. 
M13  C. 
1-063  Bu. 
1-046  C. 

•994  H. 

•993  B. 

•965  R. 

•908  Ch. 

•879  T. 

•840  H. 
•828  D. 

•807  T. 

•777  C. 
•755  T. 
•752  L. 
•688  T. 
•625  T. 

•927  M. 
•705  M. 
•708  T. 
•646  B. 
•936  T. 

•741  C. 
•837  WL 
•816  Wi. 
•696  B. 


Weight, 

of  a    I 

cubic  I 

font  in  I 

poaiids.' 


37-76 
35  25 
;^0-00 
57-06 
53-30 
51-00 
35-00 
49-68 
47-18 
32-75 
6900 
56-06 
76-03 
69-56 
66-43 
6537 
62-25 
62-06 
60-31 
66-75 

54-97 

52-50 
61-75 

50-47 

48-56 
47-24 
47-00 
43^00 
39-06 

57-93 
44-06 
44-25 
40-87 
58-5 

46-81 
62-85 

51-08 
43-50 


Kind  of  Wood,  and  state. 


Specific 
gravity. 


Weight 

of  a 

cubic 

foot  in 

pounds. 


Pine  (planted  Scotch), 
dry. 
Do.  (Scotch),  dry, 

Do.(MGmel),dry    ^"^ 

Do.  (Riga),  dry,  j  (^"^ 

Do.  (Weymouth),  dry, 

Da  (American),  dry,  - 
Plane  (occidental),  dry. 

Do.  (oriental). 
Plane  tree  (common). 

See  sycamore. 
Plum  tree. 

Do. 
Poona  (seasoned). 
Poplar  (Spanish,  white). 

Do.  (black),  dry. 

Do.  (Lombardy),  dry. 
Quince  tree,     • 
Sassafras, 
Satin  wood, 

Saul  (Bengal),  seasoned, 
Service  tree,     • 
Sissoo  ( Bengal),8easoned, 
Stinkwood  ^seasoned),  - 
Sycamore, 

Do.,       dry,  - 
Teak,  dry, 

Do. 

Do.,  seasoned. 
Tulip  tree. 
Vine, 
Walnut  tree,  green,     - 

Do.  (American), 

Do.  (French), 

Do.,  dry. 
Willow,  green. 

Do.,      dry. 

Yellow  wood  (seasoned), 
Yew  (Spanish), 

Do.  (Dutch), 

Do.     - 


•529  T. 

•429  WL 
-658 
•644  T. 
-480 
•466  T. 
-460  T. 
•368  T. 
•648  E. 
-638  H. 


•786  M. 
•663  P. 
-635  0. 
•629  M. 
•421  T. 
•374  E. 
•705  M. 
•482  P. 
•952  R. 
•994  L. 
•742  H. 
-889  L. 
-681  C. 
•645  H. 
•590  E. 
•832  Ch. 
-745  B. 
-667  C. 
•477  H. 
1-287  M. 
•9-20  E. 
•735  H. 
•671  M 
•616  T. 
•619  E. 
•568 
•404  T. 
•657  C. 
•807  M. 
•788  M. 
•788  H. 


83-06 

26-81 
34-56 
34-00 
30-00 
29-12 
28-75 
2300 
40-60 
38-62 


49-06 
41-43 
39-95 
33-06 
26-31 
24-37 
44-00 
3012 
69-50 
62-12 
46-37 
55-62 
42-56 
40-31 
36-87 
52-00 
46-56 
41-06 
29-81 
77-31 
57-60 
45-93 
41-93 
38-60 
38-68 
35  50 
25-25 
4106 
50-43 
49-26 
48-62 


The  letters  following  the  specific  gravities  refer  to  the  authorities — B.,  Barlow ; 
Bu.,  Buffon ;  C,  Couche ;  Ch.,  from  Chapman  on  Pretervation  of  Timber;  E.,  Ebbels ; 
H.,  from  Rondelet's  table ;  J.,  Jurin;  L.,  Layman;  M.,  Muschenbroek;  P.,  Philotophical 
TransactioM,  YoL  i.,  Lowthorp's  Abridgement;  R.,  Ralph  Tredgold ;  S.,  Scoresby;  T., 
Tredgold ;  W.,  Watson  (Bishop) ;  Wi.,  Wiebeking. 
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TABLE  XVII. — Spioifio  Gbayitt  and  Wbioht  of  a  oubio  foot  of  tabioub  MatbbialSw 


Name  of  the  Sabstanoe. 


Specific 
gmvlty. 


Weight 

of  8 

cable 

foot  In 

pounds. 


Name  of  the  Snbetanoe. 


Specific 
gravity. 


Weight 

of  a 

cable 

foot  in 

pounds. 


Air  (atmospheric), 
Alabaster.  See  gypsum. 
Ballast,  drained, 

B«alt,  j^- 

Do.  (Fairhead), 

Do.  (Derbyshire), 

Do.  (Giant's    Cause- 
way), 

Do.  do. 

Do.  (Rowley  rag), 
Bees*  wax  (ydlow), 
Bismuth  (cast), 
Bitumen,  of  Judea, 
Bone,  Beef, 
Brass  (wire  drawn), 

Do.  (plate),  - 

Do.  (cast),     - 

Brick  (common),  j  /^™ 

Do.  (red), 

Do.  (pale  red). 

Do.,   - 

Do.  (common  London 

stock), 
Do.  paving    (English 

clinker). 
Do.  (Dutch  clinker),  - 
Do.  (Welsh  fire),       - 
Brickwork,  about 
Broken  stone.  See  stone. 
Cement  (Roman)  and 
sand  in  equal  parts, 
Do.,  alone  (cast), 

(  from 


to 


from 


Chalk, 

Do.(CambridgeGlunch) 
Do.  (Dorking), 
Charcoal  from  birch,   - 
Do.  from  fir,  - 
Do.  from  oak. 
Do.  from  pine, 

Clay  (potter's). 

Do.  (common). 

Do.,  with  gravel. 

Do.,  puddling. 

Do.,  slate.    See  slate. 
Coke,   - 
Coal  (Kilkenny), 

Do.  (Glasgow  splint). 

Do.  (Cannel), 


)fn 
{to 


•0012 


300 
2-478 
2-95    K 
2-921  W. 
2-90    K 

2-864  Br. 
2-478  K. 

•965 
9*822 
1-104 
2-08t 
8-544 
8-441  W. 
8-100  P. 
1-557 
2000 
2-168  Re. 
2085  Re. 
1-857  Be. 
1-841  T. 

1-658  R. 

1-482  R. 
2-408  T. 


1-817  T. 

1-600  R. 
2-816 
2-657  Th. 
2-657  W. 
1-169  R. 

•542  K. 

•441  K 

•832  K. 

•280  K. 
1-800 
2-085  K. 
1-919  Be. 
2-560 


-744  K. 
1-626  K. 
1-290  Th. 
1-272  Th. 


•075 

97-4 
187-50 
154-87 
184-37 
182-56 
181-25 

179-00 
164-87 

60-81 
613-87 

69-00 

584-00 
527-66 
606-25 
97-81 
125-00 
135-60 
130-31 
116-06 
116-06 

108-31 

92-62 

150-50 

95-00 

113-56 

100-00 

144-68 

166-06 

166-06 

116-81 

33-87 

27-56 

20-75 

17-50 

112-50 

130-31 

119-93 

160-00 

113-35 

46*60 
95-37 
80-62 
79-50 


Coal  (Newcastle 

caking). 
Concrete,  Ballast  and 

Portland  Cement, 
Copper  (British  sheet), 
Do.     (British  cast), 

Earth  (common),  j  . 

Do.  (loamy  or  strong), 
Do.  (rammed). 
Do.  (loose  or  sandy),  - 
Firestone.    See  stone. 

\  from 


to 


Flint, 


Do.  (black  Cambridge) 
Freestone.    See  stone. 
Ghuis,  white  flint, 

Do.,  plate,     - 

Do.,  crown,   - 
Gold,  pure  cast, 

Do.,  standard, 

Granite.  j  ^ 

Do.  (Guernsey), 

Do.  (Aberdeen  gray), 

Do.  (Cornish), 

Do.  (do.), 

Do.  (Aberdeen  red), - 

Do.  (Cornish),  - 
Gravel, 
Gunpowder  (solid), 

Do.  (shaken),  - 

Gypsum  (plaster  stone). 

Iron  (Ur),  j  ^^ 

Do.,  hammered. 
Do.,  not  hammered. 

Do.  (c«t),         j  ^"^ 

Do.  (horizontal  ditto). 

Do.  (vertical  castings). 
Ivory,  - 
Lead  (milled),  - 

Do.  (cast). 

Do.,  black.  See  Plum- 
bago. 
Lime,  quick,    - 
Limestone.    See  stone 

and  marble. 
Loam.    See  earth. 


1-269  Th. 

4-464 

8-785  Ha. 

8-607  Ha. 

1-620 

1-984 

2-016 

1-684  Pa. 

1-520 

1-800 

2-580 

2-630  Th. 

2-592  W. 

3-000 

2*760 

2*520 
19-361  Br. 
17*724  Th. 

2*999 

2*538  K. 

2-999  W. 

2-664  R. 

2*662  Re. 

2-653  R. 

2-643  R. 

2-624  T. 

1-749  P. 

1-745 
•922 

2-286  W. 

7-600 

7-800  K, 

7-763  M. 

7*600  M. 

7*600 

7-200  Th. 

7113  Re. 

7*074  Re. 

1-826  P. 
11-407  Th. 
11-352  Br. 


-843  Be. 


2-840 
2-580 


79-81 

140-00 

549-06 

537-93 

95-00 

124-00 

126-00 

99-00 

95-00 

112-60 

161-25 

164-37 

162-00 

187*60 
172-50 
157-50 
1210-06 
1107-75 
187*47 
158-62 
187-47 
166-5 
166*37 
165-81 
16518 
164-00 
109-82 
109-06 
57-62 
142-87 
475-00 
487-60 
485-18 
475-00 
476-00 
450-00 
444-56 
442-12 
114-12 
712-93 
709-60 


52-68 


177-50 
161*25 


Tredgold's  Oarpentryt  p.  800. 


t  Bevan,  Phil.  Mag.  1826,  p.  181. 
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TABLE  XYIL — SPBano  Obayitt  and  Wkioht  of  a  cdbio  foot  of  vabious  Matebials — 

continued. 


Name  of  the  Subetance. 


Specific 
gravity. 


Welfrht 

of  a 

cubic 

foot  in 

pounds. 


Name  of  the  Substance. 


Specific 
graTity. 


Weight 

of  a 

cubic 

foot  In 

pounds. 


Marble,  Parian  white, 
Do.,  yeined  white,  - 
Do.,  Carrara  white,  - 
Do.,  do.  blue,  - 
Do.,  Italian  black,  - 
Do.,  Derbyshire  entro 

chal. 
Do.,  Saxon  gray, 
Do.,  Brabant  black,  - 
Do.,  Derbyshire  black. 
Do.,  Namur  black,    - 
Do.,  Sienna  yellow,  - 
Do.,  Pallion     brown 
figured, 

(  from 


to 


Marl, 

Mercury  (fluid), 
Mortar, 
Do.  of  river  sand  three 
parts,  of  lime  in 
paste  two  parts. 
Do.,  do.,  do.,  well  beat 

together, 
Do.  of  pit  sand  three 
parts,  of  lime  in 
paste  two  parts. 
Do.,  do.,  do.,  well  beat 

together, 
Do.  of  pounded  tile 
three     parts,     of 
quick-lime       two 
parts, 
Do.,  do.,  do.,  well  beat 

together, 
Do.,  common,  of  chalk 
lime,     and     sand, 
dry. 
Do.,  the  lining  of  an 
antique    reserroir 
near  Rome, 
Do.,  from  the  interior 
of    an    old    wall, 
Rome, 
Do.,  lime,  sand,  and 
hair,      used      for 
plastering,  dry. 
Oolite.    See  stone,  roe. 
Peat,  harH, 
Pebble  (English), 
Pewter, 
Pitch,  . 
Plaster  (cast),  - 
Platina  pure,   - 


2-837  K. 
2-726  Re. 
2-717  K. 
2-718  K. 
2-712  K. 
2-709  R. 

177-81 
l'70-37 
169-81 
169-56 
169-50 
169-31 

2-700  K. 
2-697  Re. 
2-690  W. 
2-682  R. 
2-677  K. 
2-586  R. 

168-75 
168-66 
168-12 
167-62 
167-81 
161-62 

1-600 
2-870  Th. 
13-568  Br. 
1-715  Be. 
1-615  Ra 

100-00 
179-37 
848*00 
107-18 
100-93 

1-898  Ro. 

118-31 

1-588  Ro. 

99-25 

1-908  Ro. 

118-98 

1-457  Ro. 

91-06 

1-668  Ro. 

103-93 

1-550  R. 

96-87 

1-549  Ro. 

96-81 

1-414  Ro. 

88-37 

1-384  R. 

86-50 

1-829 
2-609 
7-248 
1-150  P. 
1-286  Be. 
21-581  Th. 

83-06 

163-06 

453-00 

71-87 

80-37 

1345-68 

Plumbago,or  black  lead. 
Porphyry  (green), 
Do,         (red), 

Potstone,  j  . 

from 


to 


Puzzolana, 

Quartz  (crystallized), 
Roe-stone.    See  stone. 
Road-grit.     See  sand. 
Road  metal.   See  stone. 


Rubble  masoniy. 

Sand  (pure  quartz), 
Do.,  river. 
Do.,    River    Thames 

(best). 
Do.,  pit   (dean    but 

coarse). 
Do.,  pit  (fine-grained 

and  clean). 
Do.,     scraped     from 

London         roads 

(roj^d-grit). 
Do,,    pit    (veiy    fine 

grained). 
Do.,    River    Thames 

(inferior). 
Sandstone.    See  stone. 
Serpentine,     Anglesey 

green, 
Do.,  blackish  green,  - 
Do.,     dark     reddish 

brown. 
Silver,  pure  cast, 

Do.,  standard. 
Slate,  Welsh,  - 
Do.,  Anglesey, 
Do.,    Westmoreland, 

pale  blue. 
Do.,  do.,  dark  blue^  - 
Do.,  do.,  pale  greenish 

blue, 
Do.,  do.,  blackish  blue, 

used  for  floors. 
Do.,  Welsh  rag. 
Do.,    Westmoreland, 

fine  grained  pale 

blue. 
Do.,  Cornwall,  greyish 

blue, 
Stone,  Bath  (roe-stone). 
Do.,  do. 


2-267 
2-875 
2-793 
3-000 
2-768 
2-570 
2-850 
2-655 


K. 


2-750 
1-886 
1-638 

1-610 

1-523 

1-494 

1-480 
1-454 


from 
to 

Be. 
T. 

T. 

T. 

T. 

T. 
T. 


2-683  R. 


2-574 
2-561 

10-474 

10-312 

2-888 

2-876 

2-791 

2-781 
2-768 


K. 
K. 

Br. 

Th. 

K 

K. 

W. 

W. 
W. 


2-758  W. 


2-752 
2-732 


K. 
W. 


2-512  K 


2-494 
1-975 


K. 

R. 


141-68 
179-68 
174-56 
187-50 
173-00 
160-62 
178-12 
165*93 


145-00 
160-00 
171-87 
117-87 
102-37 

100-62 

95-18 

93-37 

92-60 
90-87 

167-68 

160-87 
160-06 

654-62 
644-50 
180-50 
179-75 
174-43 

173-81 
173-00 

172-37 

172-00 
170-75 

157-00 

165-87 
123-43 
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TABLE  XVIL — Sfecifio  Gbatitt  and  Wkioht  of  a  cubic  foot  of  yabious  Matibuu— 

continued. 


Weight 

WeijertiS 

Name  of  the  Substance. 

Specific 
gravity. 

of  a 

cubic 

foot  in 

pounds. 

Name  of  the  Substance. 

Specific 

gnvltj. 

Ol  a 

C3bV 

fe»«t  in 

pciSTKla 

Stone,  blue  lias  (lime- 

2-467 R. 

154-18 

Stone,   Portland   (roe- 

2*423  Re. 

151-43 

stone), 

stone). 

I 

BOm         Bromley-fall 

2*506  Be. 

166-62 

Do.,  do.,  do., 

21 13  R. 

132iv; 

(sandstone), 

Do.,  pumice. 

•629  R. 

3i*-31 

Do.,  do., 

2*261  R. 

141-31 

Do.,  Purbeck, 

2-680  W. 

167-5'' 

Do.,  Bristol  stone,     - 

2-510 

156-87 

Do.,  do.. 

2-599  Re. 

lTrJ-43 

Do.,      Burford    (dry 

2  049  P. 

128-06 

Do.,    Roach    Abbey 

1-893  R. 

llb-31 

piece), 

(magnesiiui    lime- 

Do., Caen  (calcar^ns 

2-108  R. 

181-75 

stone). 

sandstone), 

Do.   (Tottenhoe  cal- 

1-800  T. 

112-5U 

Do.,   Clitheroe  lime- 

2-686 W. 

167-87 

stone, 

Do.,  Woodstock  flag- 

2-614 K. 

163-s: 

Do.,    Collalo,    white 

2-423  Re. 

151-43 

stone, 

(sandstone). 

Do.,  Yorkshirepaving, 

2-507  Re. 

156-65 

Do.,  do.. 

2040  R. 

127-50 

Do.,  do.,  do.. 

2-356  R. 

147-25 

Do.,  Cndgleith,  sand- 

2-452 Re. 

153-25 

Stone,  limestone  broken 

1-44 

QO-iJO 

stone, 

to  go    through  a 

Do.,  do., 

2-360  R. 

147-50 

two-inch  ring. 

Do.,  Derbyshire  ^red 

2-346  Ke. 

146-62  ; 

Stonework,      mean 

107-00? 

friable  sandstone). 

1 

weight    according 

Do.,  Dimdee, 

2-530  Re. 

158-12  1 

to  Belidor,  about 

Do.,  do., 

2-517  T. 

157-31 

Shingle, 

1-424  Pa. 

89*0o 

Do.  (grindstone), 

2143 

133-93 

steel,               -    jl^"" 

7-780 

4S6-25 

Do.,    Hedding-stone, 

2-029  P. 

126-81 

7-840  Th. 

49itV0 

lax  kind, 

1 

Syenite  (Mount  Sorrel), 

2621 

16351 

Do.,     Hilton    (sand- 

2-177 R. 

136-06 

Tile  (common  plain),  - 

1-853  R 

11615 

stone), 

' 

Do.,  - 

1-815  Be.    ! 

113-43 

Do.,  Kentish  rag, 

2-675  R. 

167-18 

Tin,  hammered, 

7-299  Br. 

45olS 

Do.,  Ketton  (roe-stone)    2  49  4  K. 

155-87 

Do.,  pure  cast, 

7-291  Br. 

455nS 

Do.,  do.. 

2-058  R. 

128-62  1 

Toadstone  (Derbyshire), 

2*921  W. 

lSi\>6 

Do.,  Kincardme  (sand- 

2-448 T. 

153-00 

Tufa  (Roman), 

1-217  Ro. 

76-t't> 

stone). 

Water,  sea, 

1-027  Th. 

6418 

Do.,  Limerick  (black 

2-598  Re. 

162-37 

Do.,  rain. 

1-000 

61-50 

compact  limestone), 

Wheat, 

•64 

48-00 

Do.,  Pennarth  (lime- 

2-658 W. 

165-81 

Whinstone  (Scotch),   - 

2-760  W. 

172-50  : 

stone). 

Wood  ashes,    - 

-933  P. 

68-32 

Do.,    Portland   (roe- 

2-461  W. 

163-81 

Wood  petrified, 

2-841  P. 

146-31 

stone). 

Zinc,  -            -  .         - 

7-028  W. 

439-25 

Part  of  the  letters  of  reference  are  explained  in  a  note  to  the  preceding  table.  The  rest 
are  as  follows: — Be.,  Belidor  ;  Br.  Brisson  ;  Ho.,  Hatchet ;  K.,  from  Kirwan's  Mineralogy: 
Re.,  Rennie,  Phil.  Magazine^  Vol  liii  ;  Ro.,  Rondelet ;  Th.,  from  Dr.  ThonoBon's  Sygtem  of 
Chemittryy  5th  edition ;  Pa.,  Paaley,  Course  of  Militaiy  Instruction. 
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TABLE  XVIIL — Fob  Convebtino  Tons  into  Lbs.  Avoirdupois. 


Tons. 

1 
Lbs. 

1 

Tons. 
12 

Lbs. 
26,880 

Tons. 
42 

Lbs. 

Tons. 
72. 

Lbs. 
161,280 

0-05 

112 

94,080 

0-10 

224 

13 

29,120 

43 

96,320 

73 

163,520 

0-15 

836 

14 

31,360 

44 

98,560   , 

1 

74 

165,760 

0-20 

448 

15 

33,600 

45 

100,800   1 

75 

168,000 

0-25 

560 

16 

35,840 

46 

103,040 

76 

170,240 

0-30 

672 

17 

38,080 

47 

105,280 

77 

172,480 

0-35 

784 

18 

40,320 

48 

107,520 

78 

174,720 

0-40 

896 

19 

42,560 

49 

109,760 

79 

176,960 

0-45 

1,008 

20 

44,800 

50 

112,000 

80 

179,200 

0-60 

1,120 

21 

47,040 

61 

114,240 

81 

181,440 

0-56 

1,232 

22 

49,280 

52 

116,480 

82 

183,680 

0-60 

1,344 

23 

51,520 

53 

118,720 

83 

185,920 

0-66 

1,456 

24 

53,760 

54 

120,960 

84 

188,160 

0-70 

1,568 

25 

56,000 

55 

123,200 

85 

190,400  . 

076 

1,680 

26 

58,240 

56 

125,440 

86 

192,640 

0-80 

1,792 

27 

60,480 

67 

127,680 

87 

194,880 

0-85 

1,904 

28 

62,720 

58 

129,920 

88 

197,120 

0-90 

2,016 

29 

64,960 

59 

132,160 

89 

199,360 

0-95 

2,128 

30 

67,200 

60 

134,400 

90 

201,600 

1 

2,240 

31 

69,440 

61 

136,640 

91 

203,840 

2 

4,480 

32 

71,680 

62 

138,880 

92 

206,080 

8 

6,720 

38 

73,920 

63 

141,120 

93 

208,320 

4 

8,960 

84 

76,160 

64 

143,360   ' 

1 

94 

210,56a 

5 

11,200 

35 

78,400 

65 

145,600 

95 

212,800 

6 

13,440 

86 

80,040 

;  Q6 

1 

147,840 

96 

215,040 

7 

15,680 

37 

82,880 

67 

150,080 

97 

217,280 

8 

17,920 

38 

85,120 

68 

152,320 

98 

219,520 

9 

20,160 

89 

87,360 

69 

154,560 

99 

221,760 

10 

22,400 

40 

89,600 

70 

166,800 

100 

224,000 

11 

24,640 

41 

91,840 

71 

159,040   1 

101 

226,240 
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TABLE  XIX. — Fob  ooNTBBTma  LbSw  Avoibddpoib  into  Tokb. 


Lbs. 

Tons. 

Lbs. 

Tons. 

Lbs. 

Tons. 

Lbs. 

Tons. 

Lbs. 

Ton*. 

0 

0-000 

776 

0-346 

28,000 

10-268 

54,000 

24-107 

86,000 

37-946 

26 

0011 

800 

0-357 

24,000 

10-714 

55,000 

24-554 

86,000 

38-393 

60 

0-022 

826 

0-368 

25,000 

11161 

56,000 

25-000 

87,000 

38-839 

76 

0083 

850 

0-379 

26,000 

11-607 

57,000 

25-446 

88,000 

39-286 

100 

0-045 

876 

0-390 

27,000 

12-054 

58,000 

25-893 

89,000 

89-782 

126 

0-056 

900 

0-402 

28,000 

12-500 

59,000 

26-339 

90,000 

40-178 

150 

0-067 

925 

0-413 

29,000 

12-946 

60,000 

26-786 

91,000 

40-625 

175 

0-078 

950 

0-424 

30,000 

13-393 

61,000 

27-232 

92,000 

41-071 

200 

0-089 

975 

0-435 

31,000 

13-839 

62,000 

27-678 

93,000 

41-518 

225 

0-100 

1,000 

0-446 

32,000 

14-286 

63,001) 

28-125 

94,000 

41-964 

260 

0-112 

2,000 

0-893 

33,000 

14-732 

64,000 

28-571 

95,000 

42-411 

276 

0-128 

3,000 

1-339 

34,000 

16-178 

65,000 

29-018 

96,000 

42-857 

800 

0134 

4,000 

1-786 

85,000 

15-625 

66,000 

29-464 

97,000 

43-303 

'826 

0-145 

5,000 

2232 

36,000 

16-071 

67,000 

29-911 

98,000 

43-750 

350 

0-156 

6,000 

2-678 

37,000 

16-618 

68,000 

30-357 

99,000 

44-196 

376 

0167 

7,000 

3-125 

38,000 

16-964 

69,000 

30-804 

100,000 

44-643 

400 

0-179 

8,000 

8-571 

39,000 

17-411 

70,000 

31-250 

101,000 

45  089 

425 

0-190 

9,000 

4-018 

40,000 

17-857 

71,000 

31-696 

102,000 

45-535 

450 

0-201 

10,000 

4-464 

41,000 

18-303 

72,000 

32-143 

103,000 

46-982 

475 

0-212 

11,000 

4911 

42,000 

18-750 

73,000 

32-589 

104,000 

46-428 

500 

0-223 

12,000 

5-357 ; 

43,000 

19-196 

74,000 

33036 

105,000 

46-875 

526 

0-234 

13,000 

5-804 

44,000 

19-643 

76,000 

33-482 

106,000 

47-821 

550 

0-246 

14,000 

6-250 

45,000 

20089 

76,000 

33-929 

107,000 

47-768 

576 

0-257 

16,000 

6-696 

46,000 

20-535 

77,000 

34-375 

108,000 

48-214 

600 

0-268 

16,000 

7-143 

47,000 

20-982 

78,000 

34-821 

109,000 

48-660 

626 

0-279 

17,000 

7-589 

48,000 

21-428 

79,000 

35-268 

110,000 

49-107 

660 

0-290 

18,000 

8-036 

49,000 

21-875 

80,000 

35-714 

111,000 

49554 

675 

0-801 

19,000 

8-482 

50,000 

22-321 

81,000 

36-161 

112,000 

50-000 

700 

0-313 

20,000 

8-929 

51,000 

22-768 

82,000 

36-607 

113,000 

60-446 

725 

0-324 

21,000 

9-375 

52,000 

23-214 

83,000 

37  054 

114,000 

50-893 

750 

0-336 

22,000 

9-821 

53,000 

23-660 

84,000 

37-500 

115,000 

51-339 
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TABLE  XX. — CHA.irKBL  Ibon  Sbotions  of  various  thicknesses, 

IN^  FBOPOBTION  TO  THSIB  SIZE. 


W (1 


Baae. 

Sides. 

Bom. 

Sldei 

i. 
I. 

Base. 

Sides. 

Base. 

Sides. 

inch. 

inch 

■ 

inch. 

inob 

inch. 

inch. 

inch. 

inch. 

1 

A  by 

A 

2 

2    by 

2 

If  by  li 

fif^ 

2|    by   2| 

i 

i    » 

i 

2* 

11     .. 

u 

If    ,.  li 

6J 

3       „    8 

i 

J  » 

i 

2| 

lA   .. 

lA 

8      „   8 

2       „    2 

a 

xf   »» 

« 

2f 

1|     .. 

li 

4| 

2       „   2 

2i     „    2| 

i 

1  ,. 

i 

24 

4| 

21     ,.   2i 

2J     „    2f 

i 

1    ., 

1 

2J 

14    »  li 

8       „    8 

i  .. 

i 

2J 

13     * 

li     ..   li 

81     „    8J 

i    .> 

i 

3 

^ 

If     ,,   IS 

2       „    2 

1     .. 

1 

3 

• 

2       „   2 

2i     „    21 

U    .. 

U 

3 

24  .,  n 

3       „    8 

i    .. 

i 

3 

8       „   3 

2       „    2 

i    .. 

i 

3 

2A  ..   2A 

2|     „    2| 

4    » 

i 

3 

5 

11     ,.   11 

8 

31     M    3i 

i    >. 

1 

3 

5 

2       „   2 

8 

31     M    81 

1    .. 

i 

3 

5 

21     „   2} 

8 

3i     „    3i 

1     „ 

I 

31 

5 

2i     „    2f 

8 

4       „    4 

U    .. 

U 

31 

5 

^     ,.   2} 

8 

41     „    41 

1     „ 

1 

Si 

5 

3       „   8 

8i 

21     „   21 

2      „ 

2 

34 

6J 

IJ     ..   li 

81 

li     ,.    U 

i    .. 

1 

34 

6 

2A  ..   2A 

9 

2A   »    2^i^ 

11    .. 

H 

3i 

6 

24     ,.   24 

9 

81     »    81 

2 

i    .. 

i 

4 

6 

8       „   3 

9i 

8i     »    31 

2 

1     .. 

1 

4 

6 

34     ,,   8} 

»i 

8A   „    8A 

2 

U    ,. 

J 

4 

6 

i       ,,    4 

10 

31     M    31 

2 

U    .. 

1* 

4 

*-2         W 

«i 

IJ     ..    IJ 
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TABLE  XXL— Rolled  Ibov  Gibdbbs. 


Depth. 

Width 

of 
Flanges 

• 

Approximate 

weteht 

per  foot 

,  Depth. 

Width 

of 
Flanges. 

Approximate 

wei»!ht 

per  foot. 

inch. 

inch. 

lbs. 

inch. 

inch. 

lbs. 

19f 

61     by 

6} 

97 

10 

H 

by 

64 

16 

6        „ 

6 

70 

10 

6 

n 

6 

34    to    36 

16 

H      ,, 

5J 

60 

10 

<4 

» 

4i 

81     „     42 

15} 

Si      ,, 

54 

60    to     71 

10 

4 

»» 

4 

29     „    39 

15 

Si      „ 

6J 

59 

9} 

** 

i> 

«} 

38     „     42 

15 

6        ,. 

5 

70 

9A 

.    8« 

ti 

3i 

20     „     28 

U 

6        „ 

6 

60 

n 

*\ 

n 

<4 

28     „     36 

18} 

«        ,. 

6 

54    to     56 

9} 

8t 

n 

8} 

24 

13} 

H      „ 

5i 

54     ,y     62 

n 

3i 

n 

8| 

24    to    30 

12^ 

8i      „ 

8} 

150 

H 

3i 

n 

34 

21     „     29 

12 

10        „ 

10 

118    to  120 

H 

3i 

n 

31 

23     „     28 

12 

«        ,, 

• 

6 

57     „     65 

9 

64 

n 

6J 

38     „     40 

12 

51      .. 

H 

60 

9 

6 

n 

6 

32     „    364 

12 

6        „ 

5 

41    to     60 

9 

e 

*i 

8 

28     ,,    82 

11 

8        „ 

3 

SO 

9 

i\ 

f9 

.44 

32     ,y    35 

lOj 

2J      .. 

2} 

27    to     88 

9 

i 

n 

4 

80      „     35 

if^A 

2«    „ 

2H 

29 

9 

H 

>» 

3i 

lOi 

<ii      » 

H 

85    to     87 

9 

3i 

*t 

84 

25 

lOf 

»!%    .. 

8A 

42 

9 

2J 

i> 

24 

22 

10} 

61      „ 

H 

66 

8} 

3i 

»» 

8J 

23    to    27 

10} 

Si      ,. 

5i 

85    to     45 

8* 

8 

*i 

8 

20      ,,    28 

lOA 

«f.    ,. 

6^ 

85 

84 

6 

)9 

6 

80     „    82 

10 

8        „ 

8 

62    to     68 

84 

«{ 

» 

44 

28      „    29 

10 

6        .. 

6 

84 

*i 

*f 

4i 
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TABLE  XXI. — Rolled  Ibov  Gisdibb — oontinued. 


•.aavrjff      yji 

»»f*IB»«V 

» 

Depth. 

width 

of 
Fluigu 

Approzimftte 

weight 

per  fuot. 

Depth. 

width 

of 
FUngea. 

Approximate 

weight 

per  foot. 

inch. 

Inch. 

lbs. 

inch. 

inch. 

the. 

8i 

4      by 

4 

82 

7 

8       by 

8 

19    to    22 

81 

8 

8 

25     to     84 

7 

2f      „ 

28 

15 

84 

21      „ 
* 

21 
4 

17     „     27 
45 

7 
7 

21      „ 
2|      „ 

21) 

14    to    18 

8 

6 

6 

29     to    34 

7 

21      „ 

11 

9 

8 

4i      „ 

H 

28     „     85 

7 

21      „ 

21 

14    to    18 

8 

4J      » 

*i 

88     ,y     84 

«i 

81      „ 

81 

15     „     18 

8 

*       » 

4 

21     „     30 

«i 

8        „ 

8 

18 

8 
8 

8f      „ 
8J      .. 

24     „     27 
26     ,,     30 

6i 
6i 

21      ., 
2        „ 

ri 

11    to    13 

8 

8 

s 

27 

H 

If      .. 

li 

121   „     15 

8 

2*      „ 

21 

15     to    20 

6 

6        „ 

6 

29     „     82 

8 

2i      „ 

2i 

20 

6 

«        » 

5 

25     „    81 

7J 

2}      „ 

21 

24 

6 

41      „ 

*1 

24 

7i 

ii      „ 

<l 

27     to    80 

6 

4A    „ 

H, 

24 

7A 

2|      „ 

11 

9     „     11 

6 

4        „ 

4 

16    to    19 

7i 

Si      „ 

61 

42     „      45 

6 

8i      ., 

8i 

21 

7        „ 

7 

40 

6 

Si      „ 

81 

17         . 

6        „ 

5 

6 

81      .. 

81 

17 

ii      ,. 

4 

27 

6 

8        „ 

8 

13    to    22 

4        ,, 

4 

25 

6 

2J      „ 

21 

13     „     15" 

8J      „ 

21 

20     to    26 

6 

2        „ 

11 

12     „    14 

H      „ 

H 

10     „     25 

6* 

81      „ 

81 

18     „    20 

8i      „ 
81      „ 

81 
81 

23     „     25 
21     „     22 

5i 
5i 

8        „ 
2i      „ 

'i 

11     „    16 

8J      „ 

8i 

10     „     22 

5i 

21      „ 

21 

9     „    18 
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TABLE  XXI. — Rolled  Iron  Gibdkbs — continued. 


Depth. 

Width 

ot 
FUngea. 

Approximate 

weight 

per  foot 

Depth. 

Width 

of 
Flugn. 

1 

Approximate 

weight 

per  foot 

inch. 

inch. 

Ibe. 

inch. 

inch. 

lbs. 

H 

2       by 

M 

9     to     13 

4i 

2i     by 

24 

11 

6J 

li      .. 

lij 

4i 

8        „ 

8 

25 

6A 

2J      „ 

2J 

16     „     18 

H 

2i      „ 

2i 

12    to    15 

6 

6        » 

5 

24 

4 

*       » 

4 

19     „     29 

6 

4i      „ 

*i 

22    to     24 

4 

8       „ 

3 

10 

6 

2i      „ 

2i 

18 

4 

21      „ 

21 

8 

5 

li      .. 

li 

8    to     11 

4 

2        „ 

M 

7    to      8 

S 

Si      „ 

Si) 

11     „     16 

-4 

li      » 

li) 

6 

8       „ 

8  ) 

4 

18      » 

If 

6     „    8 

*i 

*       » 

3 

15     H     18 

4 

14      » 

IJ 

7 

a 

4 

2i 

14     ,,      18 

8J 

2i      „ 

2i 

11 

a 

3f      „ 

Si 

14     „     18 

34 

li      » 

14 

7    to      9 

4i 

31      „ 

2« 

14         y,         18 

8J 

If      » 

18 

41   „      6 

4J 

28      „ 

2i 

10 

8 

• 

8       „ 

8 

9     „    11 

*i 

li      „ 

li 

8    to     10 

2i 

lA   » 

1t^ 

6 

*i 

8i      „ 

2i 

15     „     18 

2i 

1      „ 

1 

4 

4i 

8i      „ 

2i 

14     p     18 

2i 

i     ,. 

i 

2ito      4 

<8 

li      .. 

li 

9     „     12 

14 

li     ,. 

4 

2 

ik 

*       » 

4 

15     „     16 

li 

"H   »» 

« 

1|  to      2 

44 

Si      „ 

li 

14     „     16 

« 

4     .. 

i 

1 

4i 

81      „ 

Si 

15'    „     18 
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TABLE  XXIL— Dbok  Bkax  Ibon. 


Depth 

of 
Beam. 

Width 

of 
Flange. 

Width 

of 
Bulb. 

Average 
weight  per 
lineal  foot 

Depth 

of 
Beam. 

Width 

of 
Flange. 

Width 

of 
Bulb. 

Average 
Velght  per 
lineal  foot 

inch. 

inch. 

inch. 

1 
lbs. 

inch. 

inch. 

inch. 

lbs. 

16 

8i 

81 

60    to    68 

8 

H 

li 

81 

15 

H 

8i 

56    „    59 

8 

6i 

ij 

26    to    28 

14 

6i 

8i 

55    „    58 

8 

H 

24 

32    ,,    88 

18 

6i 

81 

54    „    57 

8 

4 

2i 

24 

12 

«1 

81 

54    „    56 

7 

5 

2 

22 

11 

«4 

21 

42    „    44 

7 

5 

li 

22    „    25 

10 

6 

2i 

85    „    87 

7 

44 

1| 

25    „    27 

10 

4i 

8 

30    „    82 

7 

4 

2J 

21 

9 

61 

2 

85    „    37 

6 

5 

U 

18    to    20 

9 

6i 

81 

48    „    45 

6 

4    • 

14 

18    „    20 

9 

5i 

2 

31    „    83 

6 

4 

21 

20 

9 

6i 

IJ 

81    „    88 

5 

4i 

8 

22    to    28 

9 

*1 

8 

28    ,,    29 

5 

4 

14 

15    „    16 

8J 

5 

18 

81     „    83 

5 

4 

If 

14 

8i 

H 

n 

29    „    80 

4 

31 

11 

12    to    18 

TABLE  XXIIL— Plaiit  Bulb  Bbam  Irov  of  tabious  thickkbsbsb, 

IN  PBOPOBTION  TO  THB  DXFTH. 


^,  5,  5},  6,  ei  61,  7,  74,  8,  8}.  8^  9,  9},  9},  10,   11,  12,  12}  inches  deep. 
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TABLE  XXIY.— Angle  Iron  Sections  of  various  thioknesses, 

IN  PBOPOBTION  TO  THE  SIZE. 


^ 

. 

EQUAL  SIDBD  ASOLE 

IBON. 

• 

inch. 

inch. 

inch. 

inch. 

i 

by 

i 

H 

by     If 

2i 

by 

2| 

*i 

by 

*i 

i 

)i 

i 

n 

,.      14 

2f 

2f 

*4 

II 

*k 

i 

It 

i 

li 

.,    If 

S 

S 

H 

II 

*i 

i 

»» 

i 

ij 

..    If 

Si 

Si 

5 

II 

5 

i 

n 

i 

2 

«        2 

8i 

Si 

54 

i» 

-«i 

1 

tt 

1 

2* 

-        2J 

3i 

Si 

H 

I* 

Sh 

U 

n 

li 

21 

..        2| 

8f 

Sf 

6 

II 

8 

lA 

»> 

lA 

2i 

..        21 

4 

II 

i 

8 

It 

8 

U 

*i 

U 

VKEQUAL  SIDED  ANOLE  IBOB 

r. 

inch. 

inch. 

inch. 

inch. 

i 

by 

i 

H 

by     li 

If 

by 

2| 

by 

If 

A 

II 

i 

If 

II              TS 

li 

II 

2i 

II 

21 

A 

II 

A 

n 

,.     1 

2 

II 

24 

II 

If 

) 

II 

U 

li 

»      li 

2 

II 

2* 

II 

14 

i 

II 

A 

lA 

..      lA 

2 

II 

24 

It 

If 

a 

II 

A 

1} 

..     1 

2 

It 

24 

11 

2 

1 

II 

i 

14 

..    If 

2 

II 

2* 

II 

2i 

1 

II 

i 

li 

»     i 

2J 

II 

24 

II 

1 

1 

II 

i 

ij 

»i          "nr 

2i 

II 

2i 

I* 

li 

lA 

II 

55 

If 

,.     1 

2i 

II 

2f 

II 

14 

li 

II 

i 

li 

..     u 

2i 

II 

2f 

II 

If 

U 

11 

1 

If 

»     If 

2i 

II 

2 

2} 

II 

2 

APP.] 
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UNEQUAL  8IOKD  ANGLE  IRON 

• 

incK. 

inch. 

inch. 

inch. 

21 

by 

2i 

3| 

by 

li 

5'       by 

11 

6i 

by 

2i 

S 

If 

li 

81 

99 

11 

5 

2 

61 

99 

H 

8 

>l 

2 

81 

99 

2i 

6 

2i 

«i 

99 

4 

8 

n 

21 

81 

99 

21 

5                  99 

3 

«i 

99 

6i 

8 

}) 

21 

81 

99 

2| 

5 

31 

99 

3 

8 

99 

2f 

Si 

99 

21 

6 

Si 

99 

84 

3J 

ft 

li 

4 

99 

li 

6 

4 

99 

4 

Si 

l> 

2 

4 

99 

2 

5 

41 

99 

6 

Si 

>» 

2| 

4 

99 

21 

6 

<i 

99 

6i 

s* 

»» 

U 

4 

♦9 

2i 

51        „ 

4i 

,n 

9} 

Si 

Si 

}} 

u 

4 

91 

21 

5i                ,9 

8 

8 

99 

2i 

81 

«9 

2 

4 

99 

8 

5i           .9 

Si 

8 

99 

8 

Si 

99 

21 

4 

99 

Si 

54                9, 

4 

8 

99 

Si 

Si 

99 

2i 

4 

99 

SI 

6i               99 

4i 

8 

99 

4 

81 

91 

21 

4 

99 

Si 

5i        „ 

H 

8 

99 

*i 

Si 

99 

8 

*i 

99 

8 

6J        „ 

8* 

8 

99 

6 

Si 

99 

11 

*i 

99 

Si 

6 

2i 

8i 

99 

41 

Si 

99 

li 

*i 

99 

81 

6 

8 

81 

99 

1| 

Si 

99 

If 

4A 

99 

2ft 

6 

Si 

9 

99 

3 

Si 

99 

2 

*i 

99 

2* 

6 

4 

9 

99 

8i 

Si 

19 

21 

*i 

99 

2i 

6 

H 

9 

99 

4i 

Si 

99 

2i 

H 

99 

8 

6                  ,9 

6 

10 

99 

8i 

8J 

99 

2} 

4i 

99 

Si 

6 

Si 

10 

99 

4 

Si 

99 

8 

*i 

99 

4 

«A     » 

8} 

12 

99 

Si 

SA 

99 

21 

*i 

99 

Si 

6i               9, 

li 

12 

99 

8 

Si 

99 

li 

2  R 


610 


ANGLE  IKON. 
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TABLE  XXY.— Anolb  Ibov. 


BOUND  BACKED. 

n 

inch. 

IDOh. 

lU 

k 

28.    by         2i 

i      1 

i>j 

2 

inch. 

^ 

2i        „          2i 

4 

n 

24 

J        by 

i 

2i        „          24 

4 

9» 

8 

1 

1 

2A'      „          2tV 

4 

»» 

4 

14        .. 

li 

2t        „          2g 

<i 

f> 

84 

li        .. 

11 

2|        „          2i 

4i 

)> 

<4 

1|        „ 

11 

2}        „          2J 

*i 

>« 

24 

H      » 

14 

8          ,,          3 

*4 

>i 

3 

li      .. 

14 

3i        „          34 

44 

tt 

«4 

li      „ 

li 

3i        „          31 

4i 

>» 

4i 

2 

2 

88        „          38 

6 

w 

6 

2i       „ 

24 

84      »        24 

« 

n 

24 

2A      .. 

2A 

34        »          3 

6 

l> 

S4 

2i        „ 

2i 

34        „          8} 

7tV 

»> 

2A 

BQUARX  BOOT. 

inch. 

inch. 

3 

i       by           i 

!      >,         i 

li    t 

ii    , 

li 

A 

inch. 

i       by 

i 

i    ..      i 

If    , 

>» 

If 

i      ., 

1 

1        »         4 

14    . 

If 

4 

TTT        »i 

a 

1     .,      i 

14 

*f 

1 

i      » 

A 

1      „       i 

14 

n 

14 

i      .. 

4 

1      »      1 

18      • 

tt 

8 

A     .. 

A 

14    ..     14 

18      , 

it 

18 

§      » 

i 

IJ    ..      f 

li      . 

r> 

1 

a    » 

■k 

li    ,,      tt 

li      ■ 

» 

li 

Te"       it 

« 

li    „     1 

2 

)f 

8 
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TABLE  XXY.— Akole  iBOV—cotUinued. 


TABLE  XXVL— Z  Ibow  Seotionb. 

TOP. 


BOTTOM. 


Top. 

Depth. 

Bottom. 

Thick. 

Top. 

Depth. 

Bottom. 

Thick. 

inch. 
81 

inch. 
6i 

inch. 
31 

inch. 

inch. 
21 

inch. 
3 

inch. 
21 

inch. 

2i 

6 

2i 

i 

2 

2| 

2 

A 

n 

H 

2i 

i 

2 

21 

2 

AtoA 

n 

4 

2i 

1 

i 

1| 

A 

1 

2 

4 

2 

-^ 

§ 

11 

1 

A 

li 

3i 

21 

A 

i 

« 

1 

i 

3 

8 

21 

A 

• 

< 
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TABIiE  XXYII. — Y  Ibov  Sections  of  tabious  thickkessbb, 

IN  PBOPOBTIOV  TO  TBI  SIZE. 
TABLE. 


T^ 


Table. 

Leg. 

Table. 

Leg. 

Tabla. 

htK. 

Table. 

Leg. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

10 

by 

10 

6 

by 

5i     • 

6J 

by 

6 

44 

by 

4J 

8 

»i 

4i 

6 

II 

B 

H 

81 

44 

19 

i 

8 

>» 

4 

6 

II 

*i 

61 

84 

44 

91 

Si 

74 

»» 

i 

6 

ft 

H 

61 

2i 

44 

99 

88 

7 

M 

7 

6 

II 

4 

• 

5i 

II 

84 

44 

99 

84 

7 

tl 

6 

6 

II 

84 

6* 

3 

44 

99 

31 

7 

»t 

54 

6 

II 

81 

6 

8 

44 

99 

3 

7 

9* 

64 

S 

II 

84 

6 

6 

44 

99 

2i 

7 

ff 

5 

6 

II 

s 

5 

6 

44 

99 

24 

7 

)9 

H 

6 

II 

2J 

5 

4 

44 

99 

21 

7 

>» 

H 

6i 

II 

8i 

6 

3i 

44 

99 

2 

H 

» 

5 

6f 

II 

5 

5 

84 

44 

19 

li 

6| 

ff 

4 

6i 

II 

i 

6 

8 

4A 

II 

8i 

6S 

9» 

8J 

«i 

II 

8« 

5 

n 

41 

99 

IJ 

6i 

)9 

44 

6i 

II 

H 

6 

24 

44 

91 

44 

6* 

II 

3| 

6i 

fl 

H 

S 

2i 

44 

99 

4 

64 

l» 

3 

Si 

II 

a 

4i 

44 

41 

99 

Si 

61 

tl 

21 

6i 

II 

a 

4i 

Si 

41 

99 

H 

6i 

II 

8 

61 

II 

H 

48 

31 

44 

99 

3 

6i 

II 

6 

6J 

tl 

H 

4i 

3 

41 

II 

21 

6J 

It 

3| 

6i 

II 

81 

4i 

2J 

44 

99 

2 

6i 

II 

84 

6J 

II 

3 

4J 

IJ 

41 

99 

IJ 

6 

II 

61 

6J 

II 

2| 

4g 

84 

41 

99 

4 

6 

11 

6 

6| 

II 

2A 

44 

5 

4 

91 

6    ; 

APP.] 
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TABLE  XXVIL— T  Ibo»  SEcnom—conUnued. 


Table. 

Leg- 

Ttble. 

Leg. 

Table. 

Leg. 

Tkbla 

Leg. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

inch. 

by 

6 

84 

by 

2 

2f 

i>y 

2i 

2 

by 

1 

It 

^i 

8 

If 

6i 

2i 

II 

4 

11 

8 

yt 

4 

3 

ft 

6 

2i 

II 

Si 

f» 

2g 

»» 

Si 

8 

II 

Bk 

2i 

II 

Si 

fl 

IJ 

i» 

8 

8 

II 

5 

2i 

II 

3 

II 

14 

y* 

2A 

8 

It 

H 

21 

It 

2J 

II 

1 

If 

n 

8 

If 

i 

2* 

II 

2i 

li 

II 

2i 

}» 

2A 

8 

II 

81 

2i 

II 

2 

If 

II 

li 

f9 

2i 

8 

II 

H 

2i 

II 

li 

If 

II 

li 

f* 

2 

8 

II 

8 

2i 

II 

If 

If 

II 

li 

»» 

li- 

8 

II 

28 

2i 

II 

li 

II 

2i 

8J 

» 

8 

8 

II 

2g 

21 

II 

1 

II 

2 

8i 

If 

21 

8 

II 

24 

2J 

II 

3 

II 

li 

Si 

If 

Si 

8 

11 

2 

2i 

11 

2f 

tl 

li 

Si 

If 

2 

8 

If 

18 

2i 

II 

2i 

II 

li 

Si 

If 

lA 

8 

If 

18 

2i 

11 

2 

II 

i 

Si 

II 

«i 

8 

II 

11 

2i 

II 

li 

11 

It 

li 

S4 

If 

4 

2J 

II 

84 

2 

II 

4 

If 

II 

If 

Si 

I* 

Si 

2} 

II 

2} 

2 

II 

8* 

li 

II 

li 

SJ 

If 

Si 

2i 

II 

4 

2 

II 

8 

If 

II 

li 

34 

II 

8 

2i 

If 

34 

2 

If 

2i 

li 

II 

I 

Si 

If 

2* 

28 

II 

8i 

2 

If 

2i 

II 

8 

Si 

II 

2 

28 

If 

8 

2 

II 

2A 

II 

2 

Si 

If 

li 

2f 

II 

28 

2 

II 

2 

l» 

li 

Si 

II 

4 

2f 

II 

2| 

2 

II 

li 

II 

li 

Si 

II 

Si 

2i 

41 

Ig 

2 

It 

li 

II 

li 

Si 

II 

li 

2} 

II 

14 

2 

II 

li 

II 

1! 
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TABLE  XXVII.— T  IBOK  Sections— coiiftfni«ai. 


Table. 

Leg. 

Table.           Leg. 

Table. 

Leg. 

Tabic 

Le«: 

inch. 

inch. 

inch.         inch. 

inch. 

inch. 

inch. 

inch. 

li 

by     1 

1       by     li 

i 

by       i 

} 

by     14 

u 

..        i 

1        ,,      U 

i 

„      2g 

J 

„      1 

li 

..      li 

1        ..      1 

i 

>.        } 

3 

»      i 

li 

»      1 

1        ..        i 

i 

..      2i 

a 

»      i 

lA 

..        « 

1        ..        A 

i 

„      2 

i 

>.      i 

lA 

»        « 

I 


r 


INDEX 


ABT. 

A  tnuM, 220,  221 

AIloyB,  ooefEcientB  of  linear  expansion,       -  -  -  -  -  -415 

crashing  strength,  --------    299 

tensile  strength,       -------     862  to  364 

Alnminimn  bronze,  .......        299,  862 

Angle-iron  pillars,   ---------    332 

ordinary  sizes  of,  -  ...  -        487,  546 

tensile  strength,-     .       -  -  -  -  -        852,  868 

Angle  of  bracing,  trigonometrical  functions,  .  .  -  -  .    278 

economy  for  bracing,        ------        275,  276 

fracture  from  crushing,    ------        298,  802 

Annealing  cast-iron,  -  -  -  '  ~      .      '  '    ^^^ 

chains,   -  -  -  -  .  -  -  -        357,  409 

copper  wire,       ------.-    362 

; glass,      ---------    374 

gun  metal,         .-.-.---    368 

steel,      ...-.----    360 

wrought-iron,     ------   354,  357,  858,  409 

Antimony,  coefficient  of  linear  expansion,  -  -  -  -  -  -415 

Apex,  -..--..---    135 

Arch,  braced,  -  -  -  -  -  -  -  -  -    218 

;-  cast-iron,        .-...--  219,  469,  473 

flat, 216 

laminated      ---------    627 

stone,  ---.----.    459 

triangular,     -.-------    218 

wrought-iron,  -.--.-.-    477 

Arches,  how  affected  by  changes  of  temperature,  -----    414 

Ashlar  work,  working  load,  .......    488 

Axioms,       ---..-----    140 

Ballast,  weight  of    -----.--        446,  645 

Bay, 186 

Beam,  -------..-      12 

Bearing  surface,      .--....-        478,  486 
Bell  metal,  tensile  strength,  -  •  -  -  -  -    364 


616  DTDEX. 

▲BT. 

Belting  leather,  texuile  strength  and  working  strain,         ....    889 
Bending  moment,    ---...  -.-69 

Bent  crane,  ----------    196 

girders,  -  --  -,-  -  -  -  -    192 

Birmingham  wire  gage,       .-..-.-.    545 
Bismuth,  coefficient  of  linear  expansion,     ......    415 

Board  of  Trade  regulations  respecting  railway  bridges,     -  446,  478,  492 

Boilers,  strength  of,  --------    288 

working  load  on,    -  -  -  -  -  -  -    479 

Boiler-maker's  rules  for  riveting,    -------    467 

Bolts  and  pins,  strength  and  adhesion  in  timber,   -  -  -  460,  461,  468 

Bone,  - 8,  889 

Bow  and  invert,  or  double-bow  girder,       ......    212 

Bowstring  girder,    ......       207,  272,  448,  450,  457 

atSaltash, 212 

^ —  on  the  Caledonian  railway,        .....    541 

quantity  of  material  in,  -  -  -  -  -  -    272 

Box  girder,  ----------18 

Boyne  viaduct,  description  and  details,      -  -  .  .  .     528  to  536 

Brace,  .-.....-..    187 

Braced  arch,  .'...---..    218 

pillars, 841,  536 

semi-arch,    .-----..-    198 

triangle,       ..-.----.    220 

Bracing.  {See  "  Angle  of  Ewiumy"  "  CovbnUrbracvng"  "  Crou-hradnff,*'  " Lat- 

Brass,  coefficient  of  elasticity,         -  -  -*-  -  -  -8 

coefficient  of  linear  expansion,         -  -  -  -  >  -415 

crushing  strength,    -.-...--    299 

tensile  strength,        -..-.-..    862 

wire,  tensile  strength,  .......    862 

Brewster,  experiment  on  glass  girder,         ......    181 

Brick,  coefficient  of  linear  expansion,         -  -  -  -  -  -415 

crushing  strength,     --------    801 

working  load,  .--.....    488 

Bridges.    (See  ** Appendix,"  "C(ut-iron,"  "LaUiee,"  "Pai/ic,"  "iZaflnwy,"  **Steei;' 

"  Suspension;'  «  Swing;'  "  Timber^'  "  Tubular;'  "  WroughUron.") 
Brittleness,  .........5 

Bronze.    {See  << Oun  metal") 

aluminium,  .......        299,  862 

Brotherton  plate  tubular  bridge,  description,         .....    544 

Buckledplates,        -  -  -  -  -  -  -  -  -    447 

Buckling,     -  ........    292 

Bulging,      ..........    292 
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Cables.    {Set  "  ChainB;'  "  Cordager) 

Oamber,  practical  method  of  producing,     ----.-    456 

ornamental  rather  than  useful,     ------    458 

Cast-iron,  annealing,  effect  on  strength,      -  -  -  -  -    349 

arches,     -  -  - '  -  -  -  -  219,  459,  473 

coefficient  of  elasticity,    -  -  -  -  -  8,  246,  399  to  406 

do.  linear  expansion,    ------    415 

do.  transverse  rupture,  -  -  -  -  -      65 

do.  torsional  rupture,   ------    283 

cold  and  hot  blast,  relative  strength,       -  -  -  -    346 

compound  girders  of  cast  and  wrought-iron,        ...  -    623 

corrosion,  >.------    431 

ft 

crushing  strength,  -------    294 

deflection, 246,  472 

effect  of  changes  of  temperature,  -  -  -  -        418,  420 

elastic  flexibility  twice  that  of  wrought-iron,      -  -  -  -    408 

girdere, 132,  422,  436,  458,  623 

indirect  pull  reduces  the  tensile  strength,  -  -  -    350 

mixtures  stronger  than  simple  irons,      -  -  -  -  -    846 

pillars, 322  to  829,  471,  474 

prolonged  fusion,  effect  on  tensile  strength,        -  -  -  -    348 

proof  strain, 473,  482 

re-melting,  effect  on  tensile  strength,      -----    847 

set,  -  -  -  -  -  -  -  -    899  to  405 

shearing  strength,  --.-..-    391 

Stirling's  toughened,       .-----        294,  346 

tensile  strength,  ...---  346 

working  strain  and  working  load,  -  -  -  -        473,  iU 

relative  strength  of  thin  and  thick  castings,      -  -   132,  296,  296,  349 

Cellular  flanges,  ..----.--  423 
Cement.     (See  **Keeney  Medina,  Parian^  P&rUand,  Roman.**) 

Centres  of  strain,  .--.----•68 
Centrifugal  force,  effect  on  deflection,  .-.--.  455 
Chains,        ----..--         357, 378  to  886 

flat-link, 461 

proof-strain,  -  -  -  -  -  -     380  to  388 

weight,       --.----  880,  881,  386 

working-strain,       --------    383 

Chain-riveting,  ..----...  467 
Channel-iron  pillan,  ....--..    332 

—  sizes  of ,-------  -    645 

Charingcroes  Lattice  Bridge,  description,  ----..    642 

Chepstow  Truss  Bridge,  description,  ......    533 

Clay,  working-load,  ---...-.    437 
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Clenches  and  forelocks,  strength  of,  -----  -    468 

Coefficient  of  elasticity,  E,  .......g 

linear  expansion,      -------    415 

transverse  rupture,  S,  -  -  -  -  -60to66 

torsional  rupture,  T,  -----  -     283 

safety,  -  -       .    -  -  -  -  -  -    470 

Cold  and  hot-blast  iron,  relative  strength,  ------    845 

Collar  beam,  --......-    220 

Columns,  stone,       --------        889,  448 

Compotind  girders  of  cast  and  wrought-iron,  -  .  .  -  .    528 

—  of  timber  and  wrought-iron,     -  -  -  -        187,  627 

Compressive  strain,  subdivisions  of,  -----    292 

symbol  6f ,  +,  -  -  -  -  -  -    189 

Concrete,  crushing  strength,  ----...    804 

working  load,      --------    488 

Connexions.    (See  **  JoinU")  -  -  -  -  -  -     460  to  469 

Continuous  girders,  .  -  .  -  .  247  to  260, 427,  499 
ambiguity  respecting  strains  in  webs,             -  -  -    256 

{not  desirable  for  small  spans  with  passing  loads,  or  where 
foundations  are  insecure,  -----    258 

of  two  equal  spans,  each  loaded  uniformly,    -  -  -    251 

of  three  symmetrical  spans,  loaded  symmetrically,    -  -    253 

Contrary  flexure.     (See  **  InJUxion.") 

Conway  Plate  Tubular  Bridge,  description,  .  .  -  .  -    543 

Copper,  coefficient  of  linear  expansion,       -....-     415 

crushing  strength,  --------    299 

shearing  strength,  -        "    -  .  -  -  -  -  -    396 

tensile  strength,      --------    862 

weight  and  specific  gravity,  ------    362 

wire,  .--.---..    862 

Copper-bolt^,  adhesion  of  in  timber,  ......    468 

Cordage,  tensile  strength,   -  -  -  -  -  875  to  877,  881,  886  to  888 

weight,     .-..-.      876,  876,  881,  886  to  387 

working  strain,     -  -  -  .  -         877, 886  to  888 

Corrosion  of  metals,  ....-..-     431 

Cotters,        ...  ------    460 

Counterbraced  brace,  -  -  -  -  -  -  -137 

girder,  --------    188 

Counterbracing,       ...  -       174, 176,  186,  187,  208,  448  to  450,  617 

Covers,  allowance  for  in  estimating  girder*work,    .....    497 

strength  and  proportions  of,  -  -  -  •  -     468  to  465 

Crane,  bent,  ..--.--..     195 

derrick,        ----.--..    193 

lattice  ---------    197 
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Craney  traTeUing,  or  gantry, 

tabular, 

wharf, 

working-straina,     - 


Cresoent  girder,    • 
Oross-bracmg,       ... 
Gross-girders,        -  -  - 

Gradform-iron  pillars, 
Cnunlin  Yiaduct,  descriptioii, 
Cmshing  strength  of  materials,     • 
Crushing,  subdivisions  of, 
Cubic  elasticity, 
Curve  of  equilibrium. 
Cylinders  and  spheres,  strength  of, 


ABT. 

•  187 

-  195 

-  194 
473  to  484 

-  203 
440  to  443 
444  to  447 

-  332 

-  539 
291  to  305 

•  292 

8 

-  49 

-  288 


Deflection,  ..... 

effect  of  centrifugal  force  on,  - 

experiments  on  deflection, 

method  of  measuring  deflection  of  girders, 

not  affected  by  nature  of  web, 

of  small  bridges  increased  by  loads  in  rapid  motion^ 

of  continuous  girders,  ... 

of  girders  of  uniform  section,  -  -  - 

do.      of  uniform  strength, 

of  lattice  and  plate  girders  nearly  alike, 

of  similar  girders,        .  .  ,  . 

Depth  of  girders  and  arches,         .... 
for  calculation,       .  -  -  .  - 


223  to  246,  434,  451  to  456 

-  456 
454,  471,  472,  475,  534,  536 

-  456 


weights  of  gilders  do  not  vary  inversely  as  their  depths, 


Derrick  Crane,      ..... 

Detnmon.  ..... 

DiagonalB.     (See  " Bracing,"  "  Web") 
law  of  strains  in  intersecting  diagonals, 


Diagram,  calculation  l^,  - 

Drilling  tools,        .  .  . 

Drilling  preferable  to  punching,  - 

Ductility,  .  •  •  • 


E,  coefficient  of  elasticity,  .  .  .  . 

Earth,  working  pressure  on,  •  -  - 

Economy,  angle  of,  -  -  -  -  . 

relative  economy  of  different  kinds  of  bracing, 

Elastic  flexibility  and  elastic  stiffness, 

Elasticity  and  8et>  .  .  .  .  . 


223,  434 
454,  489 

251,  253,  534 
.  225 

223,  224,  451 
228,  434 

-  224 
18,  274,  457  to  459 

•   55 
505,  511,  516 

-  198 

-  390 


>  168 

-  192 

-  425 

-  360 
5,  356,  357 


8 
487 
275 
279 
4 
3  to  8,  398  to  418 
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Elaaticity,  cubic,    ---.-•-••8 

ooeffidents  of,  E, 8,  899  to  418 

. law  of  elasticity  (Hooke's  law),  -  -  -  -  7,  398 

limit  of,  -  -  -  -  -  -  7,  898  to  413 

linear,  •  •  -  _•-.-  -  -S 

modulus  of,      •-.-----8 

sluggish  or  viscid,         ------        404,  410 

tensile,  compressiye  and  transverse  elasticity  often  different,    -     8,  246,  408 

Ellipse,  moment  of  resistance  of,  -  -  -  -  -  -  7S,  77 

Elliptic  semi-girders,         •  •  ■  -  -  -  •  98,  94 

Engine-work,  working  strain,        -------     480 

Engines,  weight  of,  -  -  -  •  -  -        489,  490 

Equality  of  moments,        --------11 

Equilibrium,  curve  of,       .  -  -  -  -  -  -      49 

Estimation  of  girder-work,  ------     495  to  522 

Expansion  from  heat,  coefficients  of  linear,  •  -  -  •  -     415 

effect  on  girders,  arches  and  suspension  bridges,     -  -     414 

roUers, 840,  414,  429 

F,  symbol  which  represents  the  total  strain,         -----        2 

/,  symbol  which  represents  the  unit-strain  of  tension  or  compression,       -  -        2 

/',  symbol  which  represents  the  unit-strain  of  compression,  -  -  •        2 

Factor  or  ooefRdent  of  safety,      -------     470 

Fatigue  of  materials,         -------        470,  619 

Fish-bellied  girders,  or  inverted  bowstring,  -  -  -  -  -    212 

Flanges,   -  -  -      17,  100,  152,  422  to  429,  489,  448,  477,  496,  497,  520 

Flexibility,  ---------         4 

Flexure,   ----------    292 

Foot-strain,  ..-------2 

Forelocks,  strength  of,      -  -  -  -  -  -  -  -     468 

Forgings,  tensile  strength  of,        -  -  -  -  -  852,  854,  857 

Foundations,  working  load  on,      -  -  -  -  -  -  487 

Fractured  area,    ---------    852 

French  rules  for  working  strain,  -----  478,  476,  479 

proof  load  and  working  load  of  bridges,  -  -         492,  498 

proof  strain  for  chains  and  ropes,  -  -  -         876,  882 

Friction  due  to  riveting,  --------    466 

Gages  for  wire  and  sheet  metals,  -            -            -            -            -            -            -  545 

Gantry  or  travelling  crane,           -.-.-..  187 

Gasholder  roof,     ---------  222 

Girder, 12 

arched,      -------                         -  218 

bowstring.    (See  "Bowstring") 
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Girder,  box,  .........13 

cast-iron.    {Se€  "  Ow^tron.") 

compound  cast  and  wronght-iron,  .....    523 

oompoond  timber  and  iron,  -----        187,  627 

oontinnous,  -------        247,  427 

crescent,   ---------     203 

cross, 444  to  447 

conred,     ---..--.-    192 

deflection,  ---..--         223,  461 

depth, 457 

doable-bow,  .------.    212 

donble-webbed,  or  tubular,  -  -  -  -  -  -      13 

elliptic, 98,  94 

estimation  of,       ------  •      495  to  522 

fish-bellied, 212 

imbedded  at  both  ends  and  loaded  unifoimly,       .  -  .  .    269 

da  and  loaded  at  the  centre,  •  -  -  .    260 

kttioe.    {See  "  LaUice  girder,") 

limit  of  length, 67,624 

of  uniform  strength,         -  -  -  -  -  -  -19 

pUte.     {See  « PkUe  girderi.") 

proving.     (5^  "  Procf  load:*) 

quantity  of  matetiaL    {See  **  Q^afUity,'*) 

rail  girder,  or  keelson,      -  -  -       .     -  -  -  .    445 

rectangular  girder  of  maTimum  strength  cut  out  of  a  cylinder,    -  -      87 

road  girder,  --..--.-    444 

similar  girders.    {See  "  Similar  girders.**) 

single-webbed,      --------18 

temperature,  effect  on  girders,      -  .  -  -  414,  418,  419 

timber.    {See  **  Timber.**) 

, triangular,  ------  201,  218,  220 

trough,     -'-  -  -  -  -  -  -  -    445 

truBwd,     -.---.--.    187 

tubular.    {See  **  PlaU?*  girder,**) 13 

Warren's,  -  -  -  ,  -  -  .  -    138 

weight  of  girders  under  200  feet  in  length,  .  -  -  -    521 

with  parallel  flanges  and  isosoeles  bracing,  -  -  -  -    188 

do.  do        and  vertical  and  diagonal  bracing,  -  -  -    184 

working  loads  on.    {See  *' Public  bridges,**  ''JRaUway  bridges,**  «  JZoo/i.") 

wrought-iron.    {See  **  WrougU^ron.*') 

loaded  at  an  intermediate  point,  -  -  -  -      80,  114,  166,  185 

loaded  at  the  centre,         -  •  -  -  -  -    88,  54,  284 

loaded  uniformly,  -  .  -  48,  124,  160,  177,  188,  240 

do.  and  traversed  by  a  train  of  uniform  density,    -  -      62 
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Girder,  loaded  unsymmetrically,  -  -  -  -  -  -  41,  165 

traversed  by  a  concentrttted  rolling  load,      82,  S7  to  40,  54,  128, 158, 186,  491 

traversed  by  a  train  of  uniform  density,  -  -50,  169,  189,  190,  489,  490 

Girder-work,  estimation  of  -----  -      494  to  522 

Glass,  coefficient  of  linear  expansion,        -  •  -  -  -  -415 

erushing  strength,    --------    806 

elasticity  o^  ---.--..    413 

girder,  Brewster's  experiments  on,  -  -  -  -  -  -    131 

tensile  strength,      --------    374 

weight  and  specific  gravity,  -----         805,  545 

Glne,  tensile  strength  and  adhesion  to  timber,      -  -  -  -         .  •    389 

Gold,  coefficient  of  linear  expansion,         ......    415 

weight  and  specific  gravity,  ----..    545 

Government  inspection  of  railway  bridges.     {See  "  Board  of  Trade.'*) 

Gravel,  working  load  on,-  -  -  -  -  -  -  -    487 

Gun  metal  or  bronze,  annealing,  effect  on  strength,  -  -  .  -    368 

coefficient  of  elasticity,       -----        8 

high  temperature  at  casting  injurions  to  strength,  -  -    S63 

tensile  strength,      -  .  -  -  -        862,  363 

Gutta-percha,  tensile  strength  and  working-strain,  ....    339 

Heat.    (See  "  Temperature,") 

Homogeneous  metal,  tensile  strength,       ......    359 

Hooke's  law  of  elasticity,  ^  -  -  -  -  7,  398 

Horizontal  bracing,  ........     440 

Hot  and  cold-blast  cast-iron,  relative  strength,     -  -  .  .  -    34^ 

Impact,  effect  of  long  continued  impact  on  cast-iron  bars,  -  -  .    472 

Inch-strain,  ...-..-..2 

Inertia,  moment  of,  -------  69,  225 

Inflexion,  points  of,  -------  -    247, 

economical  position  of,  -  -  -  -  -    250 

experimental  method  of  finding,        -  -  -  .    249 

not  affected  by  depth  of  girders,       -  .  -  .    249 

practical  method  of  fixing,   -  -  .  .         250,  584 

Initial  strains  in  bracing,  method  of  producing,   •  -  -  -  -    442 

Internal  bracing,  ---.-....    341 
Inverted  bowstring,  .-..-...    212 

Iron.    (See  "  Angle-dron/'  «  Cwt-ww,**  «  PUUet,*'  "  Tee-inm/  "  Wrought-iron,'*) 
Isosceles  bracing,  --•...---     133 

■ 

Joints, 439,  460  to  469 

bolts  and  pins,       -----.  460,  461,  468 

caflt-zinc,  -------.-    464 
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JointB,  dencbes  and  forelockB, 

jtimp, 

lap, 

in  piles  of  platee,  - 

nailB  and  bolts, 

riveted.     {See  "  lUveU.") 

•  screws, 

treenails,   - 


ABT. 

-    468 

462,  464 

462  to  465 

423,  424,  464 

468,  469 

854,  460,  469 
.    897 


Keelsons,  or  rail  girders,  -  •  -  - 

Keene's  cement,  tensile  strength, .  .  - 

£nif  e  edges,  working  load  on,       - 

Laminated  beams,  .... 

Lancashire  gage  for  steel  wire, 
Lattice  bridges,  description  of.     {See  Appendix.) 
Lattice  crane,        -  .  -  -  - 

Lattice  girders,  ambiguity  respecting  strains, 

curved  or  oblique, 

— deflection,  .  .  - 

effect  of  temperature, 

effect  of  concentrated  load, 

end  pillars  subject  to  transverse  strain, 

estimation  of  quantities,  • 

loaded  uniformly, 

timber,     ...  - 

traversed  by  a  passing  train, 

traversed  by  a  single  load, 

•  weight  of, 

Lattice  pillars,      -      •     - 

semi-arch,  ...  - 

semi-girder,  •        -  -  -  - 

Lead,  coefficient  of  elasticity,        ... 

coefficient  of  linear  expansion, 

crushing  strength,    -  -  -  - 

elasticity,    •  -  -  -  - 

tensile  strength,       .  -  -  - 

weight  and  specific  gravity, 

Leather,  tensile  strength, .  .  -  - 

Length  for  calculation,      -  - 

limit  of ,      - 

Lever,  law  of  the,  .  .  -  - 

Lime.     {See  "  C&ncrete,'*  "  Mortar."") 
Limestone.    {See  **  SUme.") 


-  445 

-  871 

-  478 

-  527 

-  545 

-  197 
181, 191,  215 

.  192 

223,  224 

418,  419 

445,  491 

180,  191,  443 

495  to  522 

-  177 

-  527 
179,  190 

.  159 

-  521 

-  841 

-  201 
154,  197,  201 

8 

-  415 

-  299 
.  398 
•  362 

-  545 

-  389 
.  55 

67,  524 

-  10 
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Limit  of  elasticity, 

length  of  girders, 

Lijiear  expansion  from  heat,  coefficients  of, 
Liverpool  and  Lloyd's  rules  for  ship  riveting, 
Locomotive.     {See  "  Engine.") 


M,  moment  of  resistance  to  rupture, 
Machinery,  working  strain, 
Masonry,  crushing  strength, 

working  strain, 

Mechanical  laws, 

Medina  cement,  tensile  strength, 

Modulus  of  elasticity, 

'■ of  rupture. 

Moment  of  inertia, 

of  resistance  to  rupture,  M, 

of  rupture. 


of  resistance  to  torsion, 

Moments,  equality  of, 

strains  calculated  by. 

Mortar,  adhesion  of, 

crushing  strength, 

tensile  strength,  - 

weight  and  specific  gravity, 

working  load, 


Nails,  bolts  and  screws,  adhesion  of, 
Neutral  axis, 

passes  through  centre  of  gravity  of  section, 

practical  method  of  finding, 

shifting  of,  .  -  -  - 

Neutral  line,         ..---- 

Neutral  surface,    ------ 

Newark  Dyke  Bridge,  description,  -  .  - 

Obelisk  Bridge  over  the  Boyne,  description, 

Oblique  or  curved  girders,  -  -  -  - 

Palladium,  coefficient  of  linear  expansion, 

Parian  cement,  tensile  strength,    -  .  -  - 

People,  crowd  of,  the  greatest  distributed  load  on  a  public  bridge, 

Piles  of  plates,       ... 

Piles,  working  load  on  timber. 

Pillars,       .... 
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7,  898  to  413 

67,  524 

-  415 

-  467 

59,  69  to  82 

-  480 

•  803 

•  488 

9 

-  871 

8 

•   60 

69,225 

59,69 

-   59 

-  284 

-   11 

164, 196 

-  372 

-  804 

368,  369,  370 

•  545 

.  487 

468,469 

-   58 

68,  131 

•  es 

-  131 

-   58 

-   57 

-  537 

-  540 

-  192 

-  415 

-  371 

-  493 

k23,  424,  464 

.  486 

-  306 

■M 
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Pillan,  angle-iron, 

braced, 

cast-iron,   - 

channel  iron, 

cross  shaped,  +,   - 

discs  add  little  to  the  strength  of  flat-ended  pillars, 

effect  of  long-continued  pressure  on  the  strength  of  pillars, 

end  pillars  of  girders,        -  -  .  -  - 

effect  of  enlarged  diameter  in  the  middle  or  at  one  end,  - 

H-shaped,  .-.-.- 

Hodgkinson*s  laws,  -  •  - 

Gordon's  rules,     ------ 

lattice.    {See  "  Braced^*'  above.) 

long  flexible  pillars  which  fail  by  fleanire, 


ABT. 

-  832 
841  to  848,  535 

822  to  329,  471,  474 

-  832 

-  325 
.    816 

-  471 
180,  191,  448 

-  817 

-  825 
-    811  to  826 

.    827 


806,  310,  311 


Fins, 


medium,  or  short  flexible  pillars,  which  f  aQ  partly  by  flexure,  partly  by 


crushinff,  --••--- 

short  pillars  which  fail  by  crushing,  -  -  -  - 

similar  long  pillars,  strength  o^     - 

steel,         -------- 

stone,        -------- 

strain  passing  outside  axis  of  pillar  reduces  its  strength  greatly,  - 
strength  of  veiy  long  pillars  depends  on  their  coefficient  of  elasticity, 
tee-iron,    -  -  -  -  - 

theory  of  very  long  pillars, 

three  classes  of  pillars,      -  -  - 

timber,      -  -  -  -  - 

triangular,  .  -  -  - 

tubular,     -  -  -  -  - 

weight  which  will  deflect  a  very  long  pillar  is 

weight,   -  -  -  -  - 

wrought-iron,         .  .  .  - 


810,  823 
298,  810 
808,  821 
836,  483 
839,  488 
-  820 


Plaster  of  Paris,  adhesion  to  brick  and  stone, 

tensile  strength, 

weight  of  cast  plaster,    • 

Plates,  boOer,        -  -  -  .  . 

friction  of  riveted  plates, 

ordinaiy  sizes  of,  ... 

piled,         ----- 

resistance  to  flexure,         -  -  - 

■    ship,  -  -  .  -  - 

strength.     (See  "  Wrought4ron.") 

temperature,  effect  on  strength,    -  -  - 

t§n  per  cent,  stronger  lengthways  than  crossways, 


807 

-  832 

-  806 

-  810 
337,  888,  484  to  486 

-  826 
384,  835,  423 

very  near  the  breaking 

-  809 
880  to  885,  477,  585 

489,  460  to  469 
872 
868 
545 
856 
466 
431,  437 


428,  424,  464 
383,  423 
856,  860 


2  S 


421 
355 
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Plate  girders,  calculation  of  strainB.    {See  **  Web^)         -  54,  100,  4S0  to  435 

—  deflection  same  as  that  of  lattice  girders  of  equal  length,  -        223,  434 

effects  of  temperature,        -.--.-    419 

examples.    {See  "Appendix") 

weights  of,  ---.---    521 

Platfonn  of  bridges,  ......        426,  444  to  447 

Flatina,  coefficient  of  linear  expansion,     -  -  -  -  -  -415 

weight  and  specific  graidty,  -----.    545 

Points  of  inflexion  or  contrary  flexure.    {Su  **  Inflexion.**) 

Portland  cement,  crushing  strength,         .....        801,  304 

tensile  strength,  ...--.    869 

{See  "  Concrete,**  "  Mortarr) 


Proof  strain  and  proof  load. 


409,  488,  470,  482,  483,  492,  493 


{See  «  Ch(Un$;'  "  OaaUiron,**  "  WrouffU4ron,**) 


Public  bridges,  working  load, 

'• weight  of  roadway. 

Punching  experiments, 

injurious  effect  on  plates, 

tools,     ... 


-  493 
447,  540 
892,  396 
462,  476 

-  425 


Quantity  of  material  in  bowstring  girders, 

in  girders  with  horizontal  flanges    • 

in  different  kinds  of  bracing  compared^ 

theoretic  and  empirical. 


272,  450 

18,  54,  261 

-    279 

495  to  522 


Rail  girders,  or  keelsons,  - 
Bailway  bridges,  estimation  o^ 

^  proof  load, 

roadway, 


rules  of  Board  of  Trade^ 

rules  of  French  Government, 

under  40  feet  in  length  require  extra  strength^ 

weight  of  bridges  under  200  feet  span,  - 


working  strain  and  working  load, 

Besistance  to  rupture,  moment  of,  M,       - 

to  torsion,  moment  of. 

Resolution  of  forces,  .... 
Riveting,  chain,  ..... 
Rivets,      ...... 

boiler*makers'  rules,  ... 

friction  due  to  contraction, 

girder-makers'  rules,         ... 


-  445 

-  495  to  522 
.    492 

444,  445 
446,  478,  476,  492 
478,  476,  492 
454,  490,  491 
520,  521 
J  444  to  446, 473  to  478, 
I     481,  489  to  492 

-  59,  69  to  82 

.    284 

9,539 

.    467 

394,  895,  424,  439,  460  to  467 

-  467 
.    466 

462  to  467,  476 
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Rivets,  long  rivets  not  objectionable, 

preferable  to  pins  for  girder-work, 

ahip-buildera'  rales, 

steel,  - 

working  strain,      ... 


Rivet-holes,  allowance  for  weakening  effect  of, 
drilled  in  first-class  work, 


Roadway,  -  .  .  .  . 

Rollers  and  spheres,  crnshing  strength,    • 

expansion,  nnder  ends  of  girders, 

Roman  cement,  tensQe  strength,  - 
coefficient  of  linear  expansion. 


Roof  A,     -  -  -  . 

cost  of,  - 

arched, 

• working  load  on,       • 

Roofing  materials,  weight  of, 

Rope.    {See  "  Cordage  "  and  "  TTire.") 

Rnbble  masonij,  crushing  strength, 

working  load. 

Rupture,  coefficient  or  modulus  of  8, 
moment  of,  M,    - 


8,  coefficient  or  modulus  of  transverse  rupture, 
Safety,  coefficient  or  factor  of, 
Screws,  strengtii  of  -  - 

adhesion  in  wood, 

Semi-arch,  braced, 

inverted, 

lattice. 


Semi-girder, 


■  loaded  at  the  extremity, 

-  loaded  uniformly, 

-  loaded  uniformly  and  at  the 
triangular,     - 


Set,  ...  - 

Set,  relaxation  of, 

—  ultimate  set  after  fracture,     - 

vitreous  materials  take  no  set, 

Shearing  experiments, 

in  detail, 

simultaneous,     - 


strain  in  girders, 


extremity  also, 


ABT. 

.    424 

-  439 

-  467 
895,  462,  483 

•  462 
462,  476,  495 
425,  462,  467 

426,  444  to  447 

-  840 
840,  414,  429 

-  870 

-  415 

-  220 

-  494 

-  203 

•  494 

-  494 

-  803 

•  488 
60  to  66 

-  59 


60  to  66 

-  470 
854,  460,  469 

-  469 


r  14,  15, 18, 
(     52,  54,  : 


23, 
147, 


-  198 

•  202 
.  201 
.      12 

16,  88, 145,  226 
22,  105, 148,  282 

-  27 
.    201 

6,  298  to  418 
404,  410 

•  852 

-  418 
-     891  to  897 

-  890 

-  890 
84,  87,  42,  46,  50  to 
430,  481,  478 
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Shearing  Btrength.    {See  "  Cagt-iron,"  "  Copper,"  "  RiveU,"  "Sted," 

"  TreenaOsy"  "  Wrought-ironr) 
Ship-builders'  rules  for  riveting,    •         *  - 
Ship  plates.    {See  **  Platei,*") 
Ships,  strains  in,  -  - 

Silver,  coefficient  of  linear  expansion, 
Similar  girders,  deflection  of 

limit  of  length,     - 

strength  of, 

weight  of, 

Snow,  weight  of, 

Solder,  tensile  strength,    - 

coefficient  of  linear  expansion, 

Specific  gravity,  alloys, 

bricks, 

cast-iron,  ....  345, 

glass, 

stone, 

tables  and  weights  of  various  materials, 

timber, 

wrought-iron, 

(See  "  Weight.") 

Speculum  metal,  tensile  strength  and  specific  gravity, 

— coefficient  of  linear  expansion,  - 

Spheres,  strength  of  hollow, 

Spheres  and  rollers,  crushing  strength, 

Splintering,  ... 

Steel,  annealing  improves  and  equalizes  strength  of  steel  plates, 

coefficient  and  limit  of  elasticity, 

coefficient  of  linear  expansion, 

coefficient  of  transverse  rupture, 

coefficient  of  torsional  rupture, 

corrosion  of,  • 

crushing  strength,    - 

girders, 

pillars, 

proving, 

punching  reduces  strength, 

rivets, 

shearing  strength,    • 

ship  plates,  - 

tensile  strength, 

ultimate  set  after  fracture, 

wire. 


•'  Timber,' 


467 


- 

- 

526 

m 

415 

- 

- 

224 

- 

67 

',  524 

- 

- 

67 

67,  274,  522 

,  624 

- 

445 

,  494 

- 

- 

362 

m 

- 

415 

362,  864 

,545 

- 

301 

,545 

347,  348 

,349, 

,545 

305,545 

301, 

,  545 

- 

545 

65, 

545 

354, 

545 

m 

364 

• 

415 

- 

290 

- 

340 

• 

292 

• 

860 

8,  298, 

359, 

411 

- 

415 

- 

65 

■• 

283 

• 

481 

298, 

4S3 

488, 

502 

336, 

483, 

502 

4S2, 

4S3 

- 

860 

854, 

395, 

4S3 

354, 

395 

860, 

483 

354, 

359, 

483 

- 

359 

^ 

Sfil 
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Steel  wire  rope,    -  .  .  . 

working  strain,        ... 

'  Stiffiiess,  elastic,  -  .  .  . 

Stone  arches,         .... 

coefficients  of  elasticity, 

coefficients  of  linear  exfMuision, 

coefficients  of  rupture, 

columns,      -  .  -  . 

crushing  strength, 

elasticity  of  stone  not  always  apparently 

law,        -  -  -  - 

tensile  strength,     -  -  . 

working  load,         -  .  . 

Strain,  centres  of,  -  .  . 

classification  of ,     - 

crushing,  -  .  . 

inch-strain, 

foot-strain,  -  -  . 

shearing.    {See  "  Shearing  ") 

tensile,       -  "         - 

torsional,  -  -  -  . 

unit,  .... 

Strut    {See  **  PUlar.") 
Suspension  chains,  proof  strain,     • 

proportions  of  eye  and  pin, 

working  strain, 


Suspension  bridges. 


rigid, 

temperature,  effect  of, 
working  load, 
truss. 


Swivel  or  swing  bridge,     - 

Symbols  +  and  — ^,  -  .  . 

T,  coefficient  or  modulus  of  torsional  rupture^ 

Tee-iron  pillars,     -  .  .  . 

Temperature,  coefficients  of  linear  expansion  of  various  materials, 

effect  on  cast-iron,   - 

effect  on  girders  and  bridges, 

effect  on  wrought-iron, 

effect  on  stone  bridges, 

effect  on  suspension  bridges, 

effect  on  timber. 

Tenders,  weight  of,  -  -  . 


in  accordance 


AXT. 

386,  887 

-  483 

4 

459,  488 

8,413 

415,  417 

-  65 
889,  448 

-  801 


with.  Hooke's 


49, 


217, 


-  418 

-  367 

-  488 

-  58 

1 

-  291 

2 

2 

14,  390 

-  344 

-  280 

2 

476,  481,  482 

-  461 
476,  481 

414,  481,  503 

-  217 

-  414 
481,  493 

.    222 
•     198 

-  189 


281,  283 

-  882 

-  415 
418,  420 

414,  418,  419 

-  421 
414,  417 

-  414 

-  416 
•     489 
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Tensile  strength  of  materials,        .......    344 

Timber,  adhesion  of  bolts  and  screws  in  timber,  -        468,  469 

adhesion  of  glue  to,         -------    864 

coefficients  and  limit  of  elasticity,  -  •  -  -  8,  412 

coefficients  of  linear  expansion,  -  -  -  -  .        415,  416 

da        of  transverse  mptore,  -  •  -  -  -      65 

do.        of  torsional  rapture,  ...  -  -    288 

crushing  strength  at  right  angles  to  the  fibre,     ....    486 

crushing  strength  lengthways,     ......    300 

girders,    -.--.-.  484,  485,  527 

lateral  adhesion  of  the  fibres,      ......    366 

piles, ^-  -     486 

paiars, 837,  838,  484  to  486 

shearing  strength,  ...-..-    397 

should  be  used  in  large  scantlings,  -  -  -  -  -    5  27 

tensile  strength,  .......    365 

wet  timber  not  nearly  so  strong  as  dry  to  withstand  crushing,    -  800 

working  strain,    -..-.--    484  to  486 

Tin,  coefficient  of  elasticity,  .......8 

coefficient  of  linear  expansion,  ......    415 

crushing  strength,     ---...--    299 

tensile  strength,        .......        862,  364 

Torsion,    --------.  1,  280 

Torsional  rupture,  coefficient  or  modulus  of  T,     -  -  -  -        281,  283 

Toughness,  .......  -.5 

Trade,  Board  of  Trade  regulations  respecting  railways,    -  -    446,  478,  476,  492 

Travelling  crane,  or  gantiy,  .......    187 

Treenails,  Sbength  of,      -*-  -  -  -  -.-  -     397 

Triangular  arch,    ....-..-.    218 

girder,  -  ....  .  .  .  -    220 

semi-girder,      ..-.-..-    201 

Trigonometrical  functions  of  9,  the  angle  of  economy,  ....  278 
Trough  girders,     .-...-.--    445 

section  of  flange,  -----.--    439 

Trussed  girders,  --..----  187,  528 
Tubular  bridges  and  tubular  girders,  -  -  -  -  -  13 
examples  of.    {See  "  Appendix.") 

effect  of  changes  of  temperature  on,       -  -  -        418,  419 

effect  of  wind,    ......        442,  443 

Tabular  pillars,    ........         334,  335 

Twisting  moment,  ........    280 

Uniform  strength,  ...----.      19 

Unit-strain,  ...-..-.-        2 
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Unit-stnio,  economy  from  high  imit-struns  in  laige  giiders, 
Upsetting  of  iron  under  preaBore, 

Vertical  and  diagonal  bracing,     .... 

W&rren*B  girder,    --.--- 


economy,  relatiye, 
example.    (See  "  Appendix,**) 


ABT. 

502,  509,  514 
478,  486 

-  184 

-  133 

-  279 


480  to  439,  525 
,  206,  215,  256,  431 
-    275 
279,  431 


Web,         -.----- 

ambiguity  respecting  strwnB  in,      -  -  181,  191 

angle  of  economy  in  braced  webs,   -  -  . 

braced  generally  more  economical  than  plated  webs, 

quantity  of  material  in,       -  -  -        18,  54,  261  to  274,  495  to  522 

continuous  or  plate,  nature  and  calculation  of  strains,        15,  54,  430,  431,  525 

da  minimnm  thickness  in  practice,  ...    431 

^    do.  more  economical  in  shallow  than  in  deep  girders,    482,  438 

do.  more  economical  than  bracing  near  the  ends  of  very 

long  girders,  .....    432 

da  value  of  in  aid  of  flanges,         -  15,  78,  100,  438,  435 

Weight  of  ballast, 445,  545 

chains,  ......  880,  881,  885 

oordage^ 875,  876,  881,  886,  387 

cross-girders,    -.-.----     445 

engines  and  tenders,     .-.-..        489,  490 

girders  under  200  feet  in  length,  ....        274,  521 

people^  ------..    493 

permanent  way,  ----.-.     445 

roadway,  .......        445^  447 

roofing  materials,         .-...-.    494 

snow,   ..---...        445,  494 

timber, 65,  545 

'■ various  existing  bridges.    (See  "  Appendix,'*) 

various  materials,        -..---.    545 

wire  rope,        --.....        886,  887 

(See  "Specific  gravity:*) 

Whalebone,  tensile  strength,        .......    389 

Wharf  crane,        .........    194 

Wind,  foioe  of, 440,  441,  494 

Wire,  copper,  tensile  strength,     -....->    862 

g"«e8>         .........    545 

iron,  tensile  strength,  .......    358 

rope,  tensile  strength  and  weight,  ....    386  to  888 

do.,  working  load,  .......    388 

Wood.    (See  "  Timber.**) 
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Wood  screws,  adhesion  of,  .... 

«T    1.      -^.        A        f      1    J     (835,343,377,878,883, 
Working  strain  and  working  load,    <       '       '        '       * 

Wronght-iron,  annealing,  effect  on  strength, 

—  boiler  plates,  .  .  -  . 

■ — —  coefficient  and  lindt  of  elasticity,  • 

—  coefficient  of  linear  expansion, 

coefficient  of  transverse  rapture,   - 

do.       of  torsional  rapture, 

corrosion  of,  -  -  -  - 

crushing  strength,  .  -  - 

deflection,  -  ,  .  . 

elastic  flexibility  half  that  of  cast-iron, 

elastic  limit,  -  -  -  . 

forgings,  tensile  strength, 

Kirkaldy's  conclusions,      .  -  - 

ordinazy  sizes  of,  ... 

piUars,       ----- 

plates.     (See  "  Plates,") 

•^_ practical  method  of  stiffening  bars, 

proving,       ----- 

punching  experiments,        -  -  - 

removing  skin  not  injurious  to  strength,    - 

set  after  fracture, 

shearing  strength,  -  .  - 

ship  plates.    {See  " Plates") 

temperature,  effect  of ,        - 

tensile  strength,      .  -  -  . 

toughness  very  valuable^    - 

wire,  tensile  strength,  -       .     - 

working  strain,       -  .  .  . 


KlCf, 

m 

- 

•  - 

469 

386, 

,  887,  888, 

,429, 

446, 

- 

857, 

358, 

407 

- 

- 

356, 

479 

- 

8,  297,  406  to  410 

- 

- 

- 

415 

- 

- 

- 

65 

- 

- 

- 

2S3 

- 

- 

428, 

431 

- 

- 

* 

297 

- 

- 

- 

475 

. 

■• 

- 

40S 

- 

297,  406  to  410 

- 

- 

- 

357 

- 

* 

- 

354 

- 

- 

437, 

545 

• 

-  381  to  335 

• 

- 

. 

409 

• 

- 

409, 

432 

- 

- 

392, 

396 

- 

t 

- 

355 

- 

- 

- 

352 

- 

392  to  395, 

478 

- 

418, 

419, 

421 

- 

- 

352, 

353 

- 

356, 

360, 

482 

- 

- 

- 

358 

* 

475  to 

482, 

494 

Tellow  metal,  tensile  strength, 


862 


Zinc,  coefficient  of  elasticity, 

coefficient  of  linear  expansion, 

crushing  strength, 

joints,  -  -  - 

tensile  strength, 

weight  and  specific  gravity,  - 


8 
415 
299 
464 
362 
545 


I 


